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BASIC  RESEARCH  ON 
PROCESSING  OF  CERAMICS 
FOR  SPACE  STRUCTURES 


I.  BACKGROUND  AND  RESEARCH  APPROACH 

High-quality  technical  ceramics  are  capable  of  being  tailored  to  have 
exceptional  combinations  of  chemical  and  physical  properties.  The 
materials  desired  for  aerospace  structures  must  be  lightweight,  rigid,  and 
able  to  withstand  wide  temperature  excursions.  Composite  ceramic  materials 
can  meet  these  requirements  and  many  others  important  to  the  aerospace 
industry.  Present  processing  techniques,  however,  are  unable  to  produce 
ceramic  structures  reliably  and  reproducibly  due  to  inadequate  control  over 
material  composition  and  microstructure. 

Control  is  a  key  concept  in  ceramics  processing.  Because  all  steps  in 
ceramics  production  (e.g.,  particle  synthesis  or  preparation,  dispersion 
chemistry  and  powder  handling,  particle  packing,  piece  fabrication,  and 
sintering)  are  strongly  interdependent,  ceramic  pieces  can  be  fabricated 
reliably  and  reproducibly  only  if  every  step  is  performed  properly. 

Unlike  the  case  for  metals  processing,  mistakes  in  ceramics  processing 
cannot  be  corrected  downstream  by  such  steps  as  machining,  welding,  and 
deformation. 

Over  the  past  nine  years,  the  Ceramics  Processing  Research  Laboratory 
has  demonstrated  the  feasibility  of  a  chemistry-based  approach  to  ceramics 
powder  processing  --  an  approach  well  suited  to  aerospace  structural 
technology  because  of  its  applicability  to  a  wide  variety  of  complex 
materials.  The  diverse  CPRL  research  team  includes  not  only  experts  in 
conventional  sintering  and  grain  growth,  but  also  authorities  on  colloid, 
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polymer,  and  organometallic  chemistries,  physics,  and  math,  providing  the 
broad  base  needed  to  explore  the  fundamentals  of  ceramics  processing. 

Controlled  processing  requires  an  understanding  of  the  physical  and 
chemical  forces  governing  ceramic  particles'  behavior  during  each 
processing  step;  rheological  behavior,  polymer  chemistry,  and  binder 
burnout  are  also  considerations.  Hundreds  of  billions  of  particles 
(crystalline  or  amorphous,  single-  or  polyphase)  must  be  manipulated 
successfully  to  produce  a  single  satisfactory  ceramic  component.  Because 
the  main  difficulties  lie  in  particle  packing  inhomogeneities  introduced 
prior  to  densification,  green  microstructure  control  is  key  to  ceramic 
materials'  reliability  and  reproducibility.  The  vital  research  in  this 
area  --  presintering  science  --  has  attracted  international  attention. 

Experimentation  has  shown  it  possible  to  prepare  and  control  the  size 
distribution,  shape,  and  chemistry  of  ceramic  particles  in  single-cation 
oxide  systems.  Specimens  can  be  prepared  with  controlled  particle  packing 
(and  therefore  controlled  microstructures)  when  colloid  chemistry  is 
understood  and  interparticle  forces  controlled.  The  work  involved  one- 
component  systems,  and  also  extended  the  current  paradigms  to  include 
multi-cation  and  multiphase  materials  such  as  magnesium-aluminum-silicate 
(cordierite) ,  alumina- titania,  alumina-zirconia,  and  alumina - s i 1 ica . 
Studies  were  also  conducted  on  silicon  carbide -alumina  and  non-oxide 
systems  such  as  silicon  carbide  and  aluminum  nitride. 
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II.  RESEARCH  SUMMARIES 

Research  conducted  on  this  contract  has  combined  an  understanding  of 
the  mechanisms  of  particle  formation  (single-component  and  multicomponent) 
and  particle  surface  chemistry  with  the  development  of  processing  models. 
Critical  experiments  were  carried  out  to  test  hypotheses  for  controlling 
presintered  and  sintered  microstructures.  Research  utilized  novel  chemical 
preparative  concepts  in  combination  with  an  understanding  of  colloid  and 
ceramic  sciences  to  produce  reproducible,  reliable  microstructures. 

Sintered  microstructure  development  was  studied  as  a  function  of  particle 
packing,  pressure,  and  temperature,  with  studies  being  made  in  controlling 
the  size  and  distribution  of  pores  and  other  minor  phases,  and  in 
controlling  material  composition  for  explicit  control  of  properties  and 
performance  (e.g.,  thermal,  dielectric,  and  mechanical  characteristics). 

All  research  under  AFOSR  sponsorship  is  prepared  for  publication  in 
refereed  journals  as  soon  as  a  study  is  complete.  A  list  of  papers  already 
prepared  or  in  preparation  is  included  in  Section  III  of  this  report. 
Results  from  eleven  diverse  studies  conducted  during  this  contract  are 
described  in  this  report,  ir.cicating  the  Laboratory's  accomplishments. 
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HYDROLYSIS  OF  ALKOXIDE  EMULSION  DROPLETS 


Anne  Bagley  Hardy 


ABSTRACT 

The  hydrolysis  of  alkoxide  emulsion  droplets  was  investigated  as  a 
method  for  preparing  unagglomerated,  submicrometer  oxide  ceramic  particles 
with  a  homogeneous  composition.  Appropriate  alkoxide -  in- solvent  emulsions 
could  be  formed  when  the  alkoxide  and  continuous  phase  were  immiscible  and 
chemically  inert,  and  when  the  alkoxide  had  a  low  solubility  in  the 
continuous  phase  so  as  to  minimize  reaction  outside  the  alkoxide  droplet. 
Based  on  these  criteria,  Ti(O-rj-Bu)^,  Al (0- sec -Bu) _ ,  and  Zr(O-n-Pr)^  were 
selected  as  alkoxides;  propylene  carbonate  was  used  as  the  continuous 
phase.  It  was  demonstrated  that  spherical,  unagglomerated  hydrous  oxide 
powders  with  a  predominantly  submicrometer  diameter  could  be  formed  by 
hydrolyzing  these  alkoxides,  and  that  the  particle  size  and  size 
distribution  corresponded  to  the  droplet  size  and  size  distribution.  This 
technique  was  also  used  to  prepare  mixed-oxide  powders  having  an  overall 
cation  composition  corresponding  to  the  initial  alkoxide  cation 
composition.  Individual  particles  were  shown  to  have  a  uniform,  mixed- 
cation  composition.  Uncalcined  powders  were  amorphous,  with  high  surface 
areas  and  low  densities.  Upon  calcination,  powders  densified  and  became 
crystalline.  Particles  retained  their  spherical  shape  after  being  heated 
to  1000°C. 


INTRODUCTION 

Emulsions  were  formed  of  alkoxide  droplets  in  an  immiscible, 
nonreactive  liquid.  The  alkoxide  droplets  were  then  hydrolyzed  to  form 
oxyhydroxide  particles.  If  each  alkoxide  droplet  reacts  to  form  a 
particle,  then  individual  droplets  act  as  microreactors,  allowing  particle 
composition,  shape,  size,  and  size  distribution  to  be  controlled  through 
the  emulsion  droplet. 

The  emulsions  studied  (alkoxide  droplets  in  an  inert,  continuous 
phase)  were  unusual  in  that  they  were  nonaqueous ;  neither  phase  could 
initially  contain  water,  because  water  reacts  rapidly  to  form  the  metal 
oxyhydroxide.  This  necessitated  finding  an  appropriate  emulsion  system, 
one  in  which  the  alkoxide  and  an  inert  continuous  phase  were  immiscible. 
After  the  emulsion  was  formed,  water  was  added.  The  water  was  miscible  in 
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the  continuous  phase  and  reacted  with  the  alkoxide  droplets  to  form  metal 
oxyhydroxide  particles . 

This  approach  is  conceptually  similar  to  the  hydrolysis  or  thermal 
decomposition  of  alkoxide  aerosol  droplets  to  form  metal  oxyhydroxide 
powder.  Alkoxide  aerosol  reaction  has  been  used  to  prepare  a  variety  of 
powders  including  TiO^  (Visca  and  Matijevic,  1979),  A^O^  (*ngebrethsen  and 
Matijevic,  1980),  Al20j-Ti02  (Ingebrethsen,  Matijevic,  and  Partch,  1983), 
and  Y20^-Zr02  (Ishizawa  et  al.,  1986)  powders.  These  researchers  have 
shown  that  each  droplet  reacts  to  form  a  particle  and  that  nonagglomerated, 
spherical,  submicrometer-diameter  particles  with  a  narrow  size  distribution 
can  be  formed  by  this  technique. 

This  report  describes  the  selection  of  appropriate  alkoxide/ 
continuous  phase  systems  and  elucidates  the  processing  variables  that  are 
important  in  determining  the  powder  morphology.  Physical  properties  of  the 
powder  prepared  using  this  method  are  then  described. 

EXPERIMENTAL  PROCEDURE 
General  Procedures 

All  glassware  was  cleaned  with  soap  and  water,  soaked  in  a  K0H- 
isopropanol  bath,  and  then  rinsed  in  a  HNO^ - isopropanol  bath.  Glassware 
was  then  rinsed  repeatedly  with  deionized  water  and  dried  in  an  oven  at 
125°C.  Distillation  glassware  was,  in  addition,  flame-dried  under  vacuum, 
then  back-filled  with  high-purity  nitrogen. 

Because  the  alkoxides  are  very  sensitive  to  water,  all  solvents  and 
alkoxides  were  handled  either  in  a  Nj -  atmosphere  glove  box  or  on  a  Schlenk 
line.  Molecular  sieves  (used  to  dry  solvents)  were  dried  at  350'C  for  at 
least  10  h  and  stored  under  nitrogen  before  use.  Filtered,  deionized  water 
was  used  for  all  reactions. 
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Alkoxides 

Liquid  aluminum  and  titanium  alkoxides  (Alfa  Products,  Danvers,  MA) 
were  distilled  under  vacuum  before  use  [titanium  ethoxide,  Ti(OEt)^ 

(110°C/0 . 15-0. 2  mm  Hg) ;  titanium  n*Pr°P°xide ,  Ti(OPr)^  (69°C/0.5  mm  Hg) ; 
titanium  n-butoxide,  Ti(O-n-Bu)^  (145°C/0.1  mm  Hg) ;  titanium  sec -butoxide , 
Ti (O-sec-Bu)^  (110°C/0.15  mm  Hg) ;  and  titanium  2-ethylhexoxide ,  Ti(0-2- 
EtHex)^  (185°C/0.2  mm  Hg)  ]  .  Yttrium  isopropoxide ,  Y(0-i.-Pr)^  (Alfa 
Products,  Danvers,  MA) ,  was  used  as-received.  Zirconium  n-propoxide,  Zr(0- 
n-Pr)^,  was  purchased  as  a  Zr(0-Q- Pr)^/Q-propanol  solution  (Alfa  Products, 
Danvers,  MA) .  The  rj-propanol  was  removed  by  distillation.  The  resulting 
product,  initially  very  viscous,  over  time  became  a  transparent  solid. 
Hexane  (20-30  vol%)  was  added  to  make  the  zirconium  alkoxide  fluid  again. 

Mixtures  of  Ti(O-rj-Bu)^  with  Al(O-sec-Bu) ^  and  of  Al(O-sec-Bu)  with 
Zr(O-Q-Pr)^  were  prepared  by  mixing  the  alkoxides,  then  diluting  with 
20  vol%  hexane.  Without  the  hexane,  the  mixtures  formed  a  very  viscous, 
almost  gel- like  solid;  addition  of  the  hexane  made  the  alkoxide  mixture 
fluid.  Mixtures  of  Y^-i-Pr)^  and  Zr(O-n-Pr)^  were  prepared  by  refluxing 
the  solid  Y(0-i-Pr).j  in  an  80  vol%  Zr(0-Q-Pr)^/20  vol%  hexane  mixture  for 
30  rain.  After  refluxing,  the  mixture  formed  a  clear  fluid. 

Continuous  Phase  Selection 

A  variety  of  solvents  were  used  as  the  continuous  phase,  including 
acetonitrile,  butylene  carbonate,  nitromethane ,  propylene  carbonate, 
ethylene  carbonate,  pyrrolidone,  and  formamide  Reagent- grade  acetonitrile 
(Aldrich  Chera.  Co.,  Inc.,  Milwaukee,  WI),  from  which  residual  water 
was  removed  with  3A  molecular  sieves,  was  used.  Formamide,  pyrrolidone, 
nitromethane,  ethylene  carbonate,  propylene  carbonate  (all  from  Aldrich 
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Chem.  Co.,  Inc.,  Milwaukee,  WI)  and  butylene  carbonate  (Chemical  Dynamics 
Corp.,  South  Plainfield,  NJ)  were  >99%  pure  and  were  dried  with  molecular 
sieves.  In  addition,  for  certain  experiments,  propylene  carbonate  was 
double-distilled  under  vacuum  and  stored  under  nitrogen  over  3A  molecular 
sieves;  before  use,  it  was  filtered  in  a  nitrogen-atmosphere  glove  box 
through  a  10-^m  glass-frit  filter. 

Both  pure  solvent  and  solvent/surfactant  solutions  were  used. 
Solvent/surfactant  solutions  were  prepared  by  dissolving  the  surfactant  in 
the  solvent,  then  storing  the  solution  over  3A  molecular  sieves.  Typical 
surfactant  concentrations  ranged  from  0  to  1.0  vol%. 

Surfactants 

Surfactants  (Span®83,  80,  and  20;  Brij®35,  97,  98,  and  721,  and 
Tween®20) ,  obtained  as  samples  from  ICI  Americas  Inc.  (Wilmington,  DE) , 
were  used  as-received. 

Preparation  and  Reaction  of  Emulsions 

Emulsions  were  typically  prepared  by  emulsifying  10-20  vol%  alkoxide 
with  an  appropriate  continuous  phase  (with  or  without  surfactant)  using  an 
ultrasonic  probe.  The  ultrasonic  probe  provided  the  mechanical  energy  to 
break  the  alkoxide  into  droplets.  The  same  procedure  was  used  regardless 
of  whether  a  single  alkoxide  or  an  alkoxide  mixture  was  used.  Undiluted 
titanium  alkoxides  were  used.  Pure  Zr(O-n-Pr)^,  pure  Al(O-sec-Bu) ^ ,  and 
alkoxide  mixtures  were  diluted  with  20  vol%  hexane  to  reduce  the  alkoxide 
viscosity.  The  alkoxides  and  solvents  were  handled  in  a  ^-atmosphere 
glove  box;  ultrasonication  was  done  in  air. 

A  typical  formulation  was  as  follows:  3  ml  alkoxide  was  added  to  17  ml 
propylene  carbonate  in  a  6 -dram  glass  vial.  The  vial  was  capped,  removed 
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from  the  glove  box,  and  sonicated  in  air  using  a  1/2" -  titanium- tip  probe 
(Sonicator  Model  W-220F,  Heat  Systems -Ultrasonics  Inc.,  Farmingdale,  1JY) 
for  approximately  20-30  s.  During  sonication,  the  sample  changed  from  two 
distinguishable,  transparent  layers  to  a  uniformly  turbid  emulsion. 

Emulsions  containing  continuous-phase-solvents  that  were  more  dense 
than  the  alkoxide  (e.g.,  propylene  carbonate)  were  more  difficult  to 
emulsify  because  much  or  all  of  the  alkoxide  layer  was  above  the  bottom  of 
the  ultrasonic  probe  tip  and  most  of  the  probe  energy  is  directed  downwards 
from  the  tip.  Therefore,  to  ensure  better  emulsification,  the  bottom  of 
the  tip  was  kept  as  close  to  the  top  of  the  sample  as  possible  without 
exposing  the  tip  to  air  during  sonication,  and  narrow  vials  were  used  to 
maximize  the  amount  of  alkoxide  below  the  tip.  Sample  turbulence  caused  by 
ultrasonication  was  usually  sufficient  to  emulsify  all  of  the  alkoxide. 

Immediately  after  emulsification,  the  emulsion  was  poured  into  a  30-ml 
centrifuge  tube,  and  deionized  water  added.  The  emulsion  rapidly  changed 
from  a  uniform  turbidity  to  a  flocculated  appearance  as  the  powder  formed 
and  agglomerated.  Approximately  10-molar  excess  of  water  was  typically 
used  (e.g.,  for  3  ml  Ti(O-n-Bu)^,  3.0  ml  ^0  was  added).  The  samples  were 
centrifuged  at  5000-6000  rpra  for  about  20  rain  to  form  a  powder  compact. 

The  compact  was  then  redispersed  in  isopropanol  and  recentrifuged  (volume 
ratio  of  isopropanol  to  powder,  -100).  This  washing  process  was  typically 
repeated  3-6  times  to  remove  the  continuous  phase  and  any  residual 
surfactant . 

Some  powders  were  additionally  washed  using  Soxhlet  extraction  with 
either  tetrahydrofuran  or  isopropanol.  The  Soxhlet  thimble  was  lined  with 
filter  paper  to  prevent  the  powder  from  filtering  through  the  thimble. 
Typical  Soxhlet  washing  times  ranged  from  12  to  30  h. 
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Alkoxide/Continuous  Phase  Immiscibility  and  Reactivity 

A  variety  of  solvents  were  combined  with  Ti(OBu)^  in  one  case  and  with 
Al(0-sec -Bu) ^  in  another  to  determine  whether  the  solvents  were  immiscible 
with  the  alkoxide  and  to  observe  any  reaction  between  the  alkoxide  and  the 
solvent.  Immiscibility  between  alkoxide  and  solvent  was  checked  by  mixing 
2  ml  alkoxide  with  8  ml  solvent  in  a  20-ml  vial,  vigorously  shaking  for 
-30  s,  and  then  leaving  the  sample  undisturbed  for  several  hours. 
Immiscibility  was  assumed  if,  after  that  time,  the  sample  had  separated 
into  two  layers  instead  of  forming  a  single,  clear  solution. 

Reactivity  was  qualitatively  noted  by  observing  whether  the  nature  of 
either  phase  changed  (e.g.,  precipitate  formation  or  liquid  alkoxide 
solidification)  after  the  solvent  and  alkoxide  were  mixed  together.  If  a 
precipitate  or  gel  formed,  as  in  the  Al(O-siec-Bu) ^ - formamide  case,  the 
remaining  solvent  was  decanted,  additional  alkoxide  was  added,  and  the 
above  procedure  repeated.  This  filtration  was  done  to  ensure  that  the 
hydrolysis  was  not  a  result  of  water  in  the  solvent;  the  first  addition  of 
the  alkoxide  served  to  dry  the  solvent. 

Solubility  of  Alkoxides  in  Acetonitrile  and  Propylene  Carbonate 

Solubilities  of  titanium  alkoxides  [Ti(OEt)^,  Ti(O-n-Pr)^,  Ti(0-n- 
Bu)^,  Ti(O-sec-Bu)^ ,  and  Ti(0-2-EtHex)^] ,  Al (0- sec - Bu) ^ ,  and  Zr(O-n-Pr)^  in 
acetonitrile  and  propylene  carbonate  were  measured.  Thirty  milliliters  of 
either  acetonitrile  or  propylene  carbonate  was  mixed  with  3  ml  of  alkoxide 
in  a  40-ral  centrifuge  tube  in  a  ^-atmosphere  glove  box.  Undiluted 
titanium  alkoxides  were  used.  Al(0- sec  - Bu) ^  was  used  either  undiluted  or 
diluted  with  20  vol%  hexane.  Zr(O-n-Pr)^  was  used  either  as-received  (in 
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n-propanol)  or  with  the  n-propanol  distilled  and  the  product  diluted  in 
hexane . 

Samples  were  removed  from  the  glove  box  and  sonicated  for  25  s  with  an 

ultrasonic  probe  to  form  emulsions.  The  samples  were  then  resealed  and 

centrifuged  (2500  rpm,  1-2  h,  259C)  to  separate  the  emulsion  into  two 

transparent  layers:  a  solvent-rich  phase  (propylene  carbonate  or 

acetonitrile)  and  an  alkoxide-rich  phase.  Because  propylene  carbonate 

3 

(density  -  1.19  g/cm  ,  per  Lee,  1976)  is  more  dense  than  the  alkoxide 

3 

(density  typically  -1.0  g/cm  ,  per  Bradley,  Mehrotra,  and  Gaur,  1978),  the 
alkoxide  phase  formed  the  top  layer  in  propylene  carbonate/alkoxide 
systems.  To  recover  the  propylene  carbonate  phase  without  introducing  any 
alkoxide,  the  propylene  carbonate  samples  were  gently  poured  into  a 
separatory  funnel.  Twenty- five  milliliters  of  the  propylene  carbonate 
phase  was  collected  in  a  volumetric  flask.  Because  acetonitrile,  on  the 
other  hand,  is  less  dense  than  the  alkoxide,  the  acetonitrile  phase  formed 
the  top  layer,  which  was  pipetted  directly  into  a  25-ml  volumetric  flask. 

The  titanium  concentration  in  these  samples  was  determined  by 
ethylenediaminetetra-acetic  acid  (EDTA)  compleximetric  titration.  The 
procedure  followed  one  recommended  in  the  literature  (Pribil,  1982;  West, 
1969)  with  a  few  modifications.  One  to  two  milliliters  of  concentrated 
HNO^  were  added  to  dissolve  the  titanium  hydrous  oxide  precipitate.  To 
solubilize  propylene  carbonate  samples,  because  propylene  carbonate  has  a 
limited  solubility  in  water,  20  ml  of  isopropanol  was  added  to  the  25-ml 
sample  of  propylene  carbonate.  All  samples  were  then  diluted  to  100  mi 
with  deionized  water.  An  excess  of  0.02-M  EDTA  solution  was  added 
(typically  10-35  ml),  followed  by  several  drops  of  0.1-wt%  xylenol  orange 
solution  and  2  ml  of  ^^02-  The  solution  was  made  basic  by  adding  NH,0H 
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(solution  color  changed  to  violet),  and  then  the  pH  was  adjusted  to  1-2 
with  HNO-,  (solution  color  changed  to  yellow;  pH  measured  by  pH  paper)  .  The 
yellow  solution  was  titrated  with  0.02-M  BitNO^)^  to  an  orange-to-violet 
end  point.  EDTA  solutions  were  standardized  with  a  Bi(NO^)^  solution.  The 
amount  of  titanium  was  proportional  to  the  difference  between  the  EDTA  and 
BitNO^)^  volumes.  Four  measurements  were  made  for  each  alkoxide- solvent 
combination,  with  a  variation  of  approximately  ±5%  in  the  results 

Because  the  acetonitrile  or  propylene  carbonate  might  possibly  affect 
the  EDTA  complexation ,  standardization  of  the  EDTA  with  B^NO^)^  was  done 
in  pure  water,  H20/propylene  carbonate,  and  ^O/acetonitrile  solutions. 

The  presence  of  propylene  carbonate  or  acetonitrile  was  not  found  to  affect 
the  reaction. 

Solubility  measurements  of  Ti(O-fl-Bu)^  in  acetonitrile  and  propylene 
carbonate  as  a  function  of  surfactant  (Brij®35)  concentration  were  also 
taken.  Brij®35  solutions  in  propylene  carbonate  and  acetonitrile  were 
prepared  in  the  range  of  0-1.0  vol%  surfactant,  and  the  procedure  outlined 
above  for  determining  titanium  was  again  followed. 

Solubility  of  Al(O-sec-Bu) ^  in  propylene  carbonate  and  acetonitrile 
was  also  determined  by  an  indirect  EDTA  titration  for  aluminum  following  a 
recommended  procedure  (Pribil,  1982).  A  25-ml  sample  of  the  solvent-rich 
portion  was  added  to  a  250-ral  Erlenmeyer  flask.  Approximately  1  ml  of  HNO^ 
was  added  to  dissolve  the  precipitate,  then  an  excess  of  0.05-M  EDTA 
solution  was  added  (again,  25  ml  isopropanol  was  added  to  propylene 
carbonate  samples).  The  samples  were  boiled  for  -5  min,  then  cooled  and 
diluted  to  100  ml  with  deionized  water.  Approximately  15  drops  of  0.1  wt% 
xylenol  orange  were  added,  along  with  enough  hexamine  to  adjust  the  pH  to 
-5.0  (resulting  solution  was  pale  yellow).  The  solution  was  then  titrated 
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with  0.05-M  PbCNO^)^-  The  amount  of  aluminum  in  the  continuous  phase  was 
proportional  to  the  difference  between  the  PbCNOj)^  and  EDTA  volumes. 

The  concentration  of  Zr(O-n-Pr)^  in  the  continuous  phase  was  measured 
by  ICP  analysis  (Galbraith  Laboratories,  Knoxville,  TN) .  Samples  for 
analysis  were  prepared  by  hydrolyzing  the  alkoxide  in  the  solvent-rich 
phase,  then  adding  a  HNO^  solution  in  isopropanol  to  the  continuous  phase 
to  dissolve  the  precipitate. 

Concentration  Effects 

Emulsions  of  Al (0- sec - Bu) ^ ,  Ti(O-n-Bu)^,  and  Ti(0-2-EtHex)^  in 
propylene  carbonate  were  prepared  using  alkoxide  concentrations  ranging 
from  0.1  to  10  vol%.  The  total  volume  (alkoxide  plus  continuous  phase)  was 
typically  20  ml.  Emulsions  with  an  alkoxide  concentration  less  than  1  vol% 
were  prepared  by  diluting  a  l-vol%  emulsion;  otherwise,  the  emulsions  were 
prepared  by  directly  adding  alkoxide  to  propylene  carbonate.  Water  was 
added  either  immediately  after  the  emulsion  had  formed  or  20-25  min  after 
emulsion  formation.  Powders  were  then  washed  as  described  above.  Powder 
morphology  was  determined  by  scanning  electron  microscopy  (SEM) ,  by 
transmission  electron  microscopy  (TEM) ,  and  by  measuring  particle-size 
distributions  with  a  centrifugal  particle-size  analyzer. 

Temperature  Effects 

Thirty  milliliters  of  a  0.5  vol%  Ti(0-n-Bu)^-in-propylene  carbonate 
emulsion  was  prepared,  then  divided  into  three  10-ral  samples.  One  sample 
’/as  left  at  room  temperature  (T  -  25'C),  another  was  placed  in  a  hot-water 
bath  (T  -  65®C) ,  and  the  third  was  placed  in  boiling  water  (T  -  100°C) . 

The  samples  were  equilibrated  to  the  bath  temperature  for  10  min,  then 
quickly  poured  into  a  centrifuge  tube.  Water  was  immediately  added  to  each 
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emulsion  Co  hydrolyze  Che  alkoxide.  The  emulsions  aC  25°C  and  65°C 
remained  curbid;  Che  emulsion  aC  100°C  cleared,  indicaCing  chac  Che 
alkoxide  was  complecely  miscible  wich  Che  propylene  carbonaCe  aC  chac 
cemperaCure.  However,  in  Che  process  of  pouring  Che  100°C  sample  inco  Che 
cenCrifuge  Cube,  Che  solucion  became  slighcly  Curbid,  apparently  indicaCing 
Che  formacion  of  some  droplecs  as  ic  cooled.  Powder  morphology  was 
decermined  by  cenCrifugal  parcicle - s ize  analysis,  SEM.  and  TEM. 

Droplet-  and  Particle-Size  Measurements 

All  glassware  was  flame-dried  immediately  before  being  placed  in  Che 
glove  box,  and  propylene  carbonaCe  was  doubly  distilled  and  stored  over 
molecular  sieves.  Before  use,  the  propylene  carbonate  was  filtered  through 
a  10-jira  glass-frit  filter.  Emulsions  (20  ml  each)  containing  2  vol% 
Ti(0-2-EtHex)^  in  propylene  carbonate  were  prepared  by  sonication.  Samples 
for  droplet-size  measurement  were  prepared  by  diluting  approximately  10 
drops  of  emulsion  in  2  ml  propylene  carbonate,  then  placing  the  mixture  in 
a  sample  cell.  To  better  seal  the  cells,  the  sample-cell  lids  were  either 
wrapped  with  parafilm  or  dipped  in  hot  wax.  All  sample  preparation  to  this 
point  (including  the  ultrasonication)  was  done  in  a  ^ -atmosphere  glove 
box . 

The  samples  were  removed  from  the  glove  box,  and  droplet  sizes 
measured  by  centrifugal  particle  -  size  analysis  (Horiba  CAPA  500,  Irvine, 

CA) .  Emulsion  droplet-size  distributions  were  typically  measured  between 
0.3  and  5.3  pm  at  3000  rpm  (measuring  time  -30  min).  While  the  droplet 
size  was  being  measured,  the  remaining  emulsion  was  hydrolyzed.  The 
powders  were  washed  and  their  particle  sizes  also  measured  by  centrifugal 
particle - s ize  analysis.  Typically,  particle-size  distributions  were 
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measured  between  0.3  and  4.3  at  2000  rpm  (measuring  time  -15  min). 

Particle-size  distributions  and  average  diameters  of  powders  prepared 
under  standard  conditions  (10-20  vol%  alkoxide ,  T  —  25°C)  were  also 
measured  to  gauge  the  width  and  shape  of  the  particle  -  size  distribution. 

Electron  Microscopy 

Transmission  electron  microscopy  (TEM)  samples  were  prepared  using 
powders  washed  six  times  in  isopropanol  (dispersed  in  isopropanol, 
centrifuged,  isopropanol  decanted)  as  described  above.  Approximately  0.4  g 
of  washed  powder  was  dispersed  in  3  ml  isopropanol  using  an  ultrasonic 
bath.  Two -hundred-mesh ,  carbon-coated  copper  grids  (Ladd  Research  Ind. , 
Inc.,  Burlington,  VT)  were  dipped  into  the  dispersion  and  then  dried  on 
slightly  warmed,  clean  microscope  slides.  TEM  samples  were  examined  at 
100  kV  using  a  Phillips  EM300  (Phillips  Co.,  Munich,  West  Germany) 
instrument . 

Scanning  electron  microscopy  (SEM)  samples  were  deposited  on  an  SEM 
aluminum  stub  using  two  methods.  In  many  cases,  powder  was  dispersed  in 
isopropanol  and  then  a  few  drops  of  the  dispersion  were  placed  on  a  warm 
sample  stub.  The  isopropanol  evaporated,  leaving  a  sample  with  a  smooth 
surface.  In  some  cases,  double-sided  sticky  tape  was  placed  on  the  stub  to 
hold  a  thin  layer  of  dry  powder. 

Samples  were  coated  with  a  thin  layer  of  gold  (-100  A)  using  a  gold 
sputterer  (Desk  II,  Denton  Vacuum,  Inc.,  Cherry  Hill,  NJ),  then  examined 
using  a  scanning  electron  microscope  (Model  S-530,  Hitachi  Ltd.,  Tokyo, 
Japan) . 

Powder  Surface  Area  Measurement 

Powder  surface  area  as  a  function  of  calcination  temperature  was 
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measured  for  alumina,  zirconia,  and  titania  samples.  Powders  were  washed 
with  tetrahydrofuran  by  Soxhlet  extraction  for  30  h.  Samples  were  then 
heated  in  air  at  10°C/min  to  250,  600,  and  1000°C  and  held  for  2  h. 
Uncalcined  samples  were  outgassed  at  100°C  under  flowing  nitrogen.  All 
other  samples  were  outgassed  at  200°C  (2  h,  flowing  nitrogen).  Surface 
area  was  measured  by  the  nitrogen  adsorption  method  of  B runauer- Emmett - 
Teller  ("BET",  Quantachrome ,  Syosset,  NY).  Single-point  measurements  were 
made  with  a  30%  N2/70%  He  gas  mixture.  Sample  weights  varied  from  about 
0.03  g  for  high-surface-area  powders  to  about  0.1  g  for  low-surface-area 
samples.  Reported  surface  areas  were  the  average  of  five  measurements. 

Density  Measurement 

Each  density  measurement  required  a  sample  of  at  least  2-3  g  depending 
on  the  density.  Powder  for  each  density  measurement  was  prepared  by 
hydrolyzing  two  100-ral  emulsions,  each  containing  20  vol%  alkoxide  phase 
(undiluted  Ti(O-Q-Bu)^;  Al(O-sec-Bu) ^  and  Zr(O-Q-Pr)^  diluted  with  20  vol% 
hexane).  Powders  from  the  two  emulsions  were  combined  and  washed  by  Soxhlet 
extraction  (30  h,  THF) .  Density  measurements  were  made  with  a  helium  gas 
stereopycnometer  (Quantachrome,  Syosset,  NY).  Densities  reported  were  the 
average  of  three  measurements  that  agreed  to  within  1%.  Powder  density  was 
measured  for  uncalcined  samples  and  samples  calcined  at  250,  600,  and 
1000*C  (heating  rate  10°C/rain,  held  at  temperature  2  h) . 

X-Ray  Diffraction 

Powder  crystal  structure  as  a  function  of  calcination  temperature  was 
determined  by  X-ray  diffraction  using  a  rotating  Cu  (K  -1.54  A)  anode 
(Rigaku  RU300,  Danvers,  MA) .  Samples  were  heated  at  10°C/min  to  250, 
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600,  1000,  and  1200°C  for  either  2  h  or  15  h.  Each  X-ray  sample  was 
prepared  by  spreading  a  collodion  powder  solution  on  a  microscope  slide. 

Sample  Composition 

Bulk  alkoxide  and  powder  compositions  were  measured  using  inductively 
coupled  plasma  emission  spectroscopy  (ICP).  Alkoxide  samples  were  prepared 
for  ICP  analysis  by  dissolving  -0.2  ml  alkoxide  in  either  a  nitric  acid  or 
sulfuric  acid  solution.  Powder  samples  were  dissolved  in  nitric  acid.  ICP 
analyses  were  conducted  by  Galbraith  Laboratories  (Knoxville,  TN) . 

Particle  composition  and  homogeneity  were  measured  for  powders 
prepared  from  Al-Ti  and  Al-Zr  alkoxide  mixtures  using  energy-dispersive 
X-ray  analysis  (EDS)  combined  with  scanning  transmission  electron  microscopy 
(STEM) .  The  measured  area  was  approximately  400  x  500  A,  compared  to 
particle  diameters  ranging  from  -1000  to  6000  A  (a  scanning  mode  across  a 
small  area  of  the  sample  instead  of  a  steady  beam  was  used  because  the 
steady  beam  tended  to  burn  a  hole  in  the  sample) .  Various  points  were 
measured  for  each  particle. 

RESULTS  AND  DISCUSSION 
System  Choice 

Criteria  for  selecting  the  emulsion  system 

The  first  step  in  forming  alkoxide  droplets  was  to  choose  an 
appropriate  emulsion  system.  This  entailed  choosing  compatible  alkoxide/ 
continuous  phase  pairs  and  an  appropriate  surfactant.  Compatible 
alkoxide/continuous  phase  pairs  had  to  meet  the  following  criteria:  To  form 
an  emulsion,  the  alkoxide  and  continuous  phase  obviously  had  to  be 
immiscible.  It  was  also  necessary  for  the  alkoxide  to  have  a  low 
solubility  in  the  continuous  phase  to  minimize  the  amount  of  alkoxide 


16 


A.  Hardy 


AFOSR/1988 


HYDROLYSIS  OF  ALKOXIDE  EMULSION  DROPLETS 


dissolved  in  Che  continuous  phase  and  thus  minimize  alkoxide  reaction 
outside  the  droplet.  Lastly,  it  was  necessary  for  the  alkoxide  to  be  inert 
with  respect  to  the  continuous  phase  so  that  no  reaction  could  occur  until 
water  was  added  to  the  emulsion  and  so  that  the  only  reaction  was  a 
hydrolysis  reaction  between  water  and  the  alkoxide. 

An  emulsion  was  also  desired  that  was  stable  long  enough  for  the 
reaction  to  occur.  Surfactants  are  typically  added  to  improve  an 
emulsion's  stability.  Ideally,  the  surfactant  would  stabilize  the  emulsion 
and  also  be  inert  toward  the  alkoxide.  The  following  sections  discuss  how 
these  criteria  were  met  and  how  varying  processing  parameters  within  these 
guidelines  affected  powder  morphology. 

Alkoxide/continuous  phase  imoiscibility  and  reactivity 

Hildebrard  parameters  (5)  were  used  as  guides  to  selecting  potential 

alkoxide - immiscible  solvents.  Hildebrand  parameters  characterize  solvents 

according  to  their  self -attraction  and  can  be  thought  of,  in  a  very  broad 

sense,  as  a  measure  of  the  solvents'  polarity.  Alkoxides  can  generally  be 

viewed  as  nonpolar,  and  were  therefore  assumed  to  have  low  Hildebrand 

parameters.  Because  imraiscibility  is  predicted  for  liquids  differing 

substantially  in  Hildebrand  parameters,  potentially  immiscible  liquids  were 

selected  as  those  with  very  large  Hildebrand  parameters  (polar  liquids) . 

Based  on  preliminary  work  that  showed  Ti(O-n-Bu)^  to  be  miscible  in  acetone 

(5  -  20.2  MPa^^)  but  immiscible  in  acetonitrile  (5  -  24.3  MPa^^)  , 

1/2 

22  MPa  was  chosen  as  a  lower  cutoff,  and  solvents  with  Hildebrand 

1/2 

parameters  greater  than  22  MPa  were  selected.  From  this  list,  solvents 
with  obviously  reactive  groups  (e.g,,  OH  groups  in  ethylene  glycol)  and 
solvents  that  are  either  very  toxic  or  very  expensive  were  eliminated. 
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Table  1  lists  the  solvents  that  were  then  tested  for  alkoxide 
immiscibility . 

All  the  solvents  listed  except  for  the  alcohols  were  immiscible  with 
Ti(O-n-Bu)^  and  Al (0- sec -Bu) ^ .  Any  sign  of  reaction  between  the  continuous 
phase  and  the  alkoxide  (Table  1)  was  noted.  Ti(O-n-Bu)^  and  nitromethane 
may  have  reacted,  because  the  mixture  became  increasingly  yellow  over  time, 
though  the  liquids  remained  immiscible.  Pyrrolidone  and  formamide  appeared 
to  react  with  the  Al(0- sec -Bu) ^ :  the  Al (0- sec - Bu) ^  was  initially  immiscible 
with  the  pyrrolidone,  but  after  a  few  minutes  a  clear  solution  formed;  the 
Al(O-sec-Bu)  also  appeared  to  react  with  the  formamide  to  form  a  clear 
gel.  By  visual  inspection,  Ti(O-Q-Bu)^  did  not  appear  to  react  with 
pyrrolidone  or  formamide.  Neither  Ti(O-Q-Bu)^  nor  Al(O-sec-Bu)^  appeared 
to  react  with  acetonitrile  or  the  carbonates. 


Table  1.  Solvents  immiscible  in  alkoxides  and  their  solubility  parameters. 


Solvent 

Solubility  parameter/ 
hydrogen  bonding 
capacity 

Alkoxide 

Ti(0-n-Bu)4 

interaction 

Al(O-sec-Bu) ^ 

Acetonitrile 

24 . 3/poor 

immiscible 

immiscible 

Butylene  carbonate 

24 . 7/moderate 

immiscible 

immisc ible 

Ethyl  alcohol 

26 . 0/strong 

miscible 

miscible 

Isopropyl  alcohol 

23 . 5/strong 

miscible 

misc ible 

Nitromethane 

26 . 0/poor 

immisc ible/ 
reacts 

immiscible 

Propylene  carbonate 

27 . 2/moderate 

immiscible 

immiscible 

Ethylene  carbonate 

30 . 0/moderate 

immiscible 

immiscible 

Pyrrolidinone 

30 . 1/strong 

immiscible 

reacts 

Formamide 

39 . 3/strong 

immiscible 

reacts 
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Emulsions  were  then  prepared  and  reacted  using  any  one  of  the  selected 
solvents  as  a  continuous  phase.  Emulsions  formed  with  Ti(O-n-Bu)^  were 
milky-white;  emulsions  formed  with  Al(O-sec-Bu) ^  were  less  turbid  and  had  a 
gray-white  color.  After  water  was  added,  powder  began  to  agglomerate  and 
settle  within  seconds,  indicating  that  the  powder  formed  rapidly.  SEM 
inspection  showed  that  TiC^  powders  formed  in  nitromethane ,  acetonitrile, 
and  butylene  carbonate  contained  a  mixture  of  fine  (-<0.1  pm)  and  larger 
spherical  particles  (0.2-10.0  pm)  as  shown,  for  example,  in  Figure  1: 
powders  formed  in  propylene  carbonate,  ethylene  carbonate,  and  formamide  had 
relatively  few  fine  particles  and  consisted  mostly  of  spherical  particles 
with  a  diameter  between  0.2  and  2.0  pm  as  shown,  for  example,  in  Figure  2. 

Aluminum  oxyhydroxide  powders  formed  in  nitromethane  and  acetonitrile 
contained  a  mixture  of  fine  (-<0.1  pm)  particles  and  larger  spherical 
particles  (-0.5-10  pm)  (Fig.  3a),  while  powders  formed  in  propylene 
carbonate  and  ethylene  carbonate  appeared  to  have  a  more  uniform 
distribution  of  primarily  spherical  particles  with  a  diameter  of  -0.2  to 
2  pm,  as  shown  in  Fig.  3b. 

Based  on  these  iramiscibility  and  reactivity  results,  propylene 
carbonate  and  acetonitrile  were  investigated  more  fully  as  solvents  for  the 
continuous  phase.  Propylene  carbonate  was  preferred  to  ethylene  carbonate 
because  the  latter  has  a  melting  point  above  room  temperature  (36.2°C,  per 
Lee,  1976).  Butylene  carbonate  is  much  more  expensive  than  propylene 
carbonate  and  also  has  a  melting  point  close  to  room  temperature  (21.2- 
21 . 5*C,  per  Lee,  1976)  . 

Having  established  that  inert,  immiscible  alkoxide/continuous  phase 
pairs  could  be  selected,  the  effect  of  the  second  criterion  (alkoxide 
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solubility  in  the  continuous  phase)  on  powder  morphology  will  now  be 
described . 

Alkoxide  solubility  in  acetonitrile  and  propylene  carbonate 

When  two  liquids  are  immiscible,  they  separate  to  form  two  phases. 
Although  complete  immiscibility  is  often  assumed  (i.e.,  each  phase  contains 
a  pure  liquid) ,  there  is  actually  some  mutual  solubility  of  the  two 
liquids.  For  example,  with  alkoxide  and  propylene  carbonate  emulsions,  the 
two  phases  are  an  alkoxide- rich  phase  containing  some  dissolved  propylene 
carbonate  and  a  propylene  carbonate  -  rich  phase  containing  some  dissolved 
alkoxide.  To  minimize  reaction  outside  the  droplet,  the  alkoxide  must 
approach  complete  immiscibility  in  the  continuous  phase,  i.e.,  the  alkoxide 
must  have  a  very  low  solubility  in  the  continuous  phase.  Alkoxide 
solubility  in  propylene  carbonate  and  in  acetonitrile  was  measured  by  EDTA 
titration  or  ICP  for  a  series  of  titanium  alkoxides,  AlCO-sec-Bu)  .  and 
Zr(0-n-Pr)4. 

The  sample  preparation  procedure  followed  for  measuring  alkoxide 

solubility  in  the  continuous  phase  paralleled  the  procedure  followed  in 

preparing  an  emulsion  for  a  reaction.  Because  the  two  phases  were 

equilibrated  for  a  relatively  short  time  (<1  h) ,  the  measured  solubility 

could  be  less  than  the  equilibrium  alkoxide  solubility. 

The  measured  alkoxide  solubilities,  listed  in  Table  2,  range  from  <5.0 
-5  -2 

x  10  to  4.7  x  10  volume  fraction.  To  put  these  solubilities  in 

perspective,  for  an  emulsion  containing  10  vol%  alkoxide,  an  alkoxide 

-3 

solubility  of  1  x  10  volume  fraction  would  be  equivalent  to  1  vol%  of  the 
alkoxide  phase  being  dissolved  in  the  continuous  phase.  Alkoxide 
solubilities  were  consistently  higher  in  acetonitrile  than  in  propylene 
carbonate.  It  was  found  with  the  titanium  alkoxide  series  that  alkoxide 
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Table  2.  Solubility  of  various  alkoxides  in  acetonitrile  and  propylene 
carbonate . 


Alkoxide 

* 

Acetonitrile 

★ 

Propylene  carbonate 

Ti(0Et)4 

12.6 

3.9 

Ti(0-n-Pr)4 

miscible 

47.2 

Ti(0-Q-Bu)4 

0.6 

0.3 

Ti(0-sec-Bu)4 

— 

1.3 

Ti(0-2-EtHex) , 

4 

0.2 

<0.05 

Al(O-sec-Bu) ^ 

2.2 

1.4 

Al(O-sec-Bu)^/ 

hexane 

— 

0.9 

Zr(0-n-Pr)4/ 

n-propanol 

— 

1.7 

Zr(0-n-Pr)4/ 

hexane 

1.3 

1  x  10  volume  fraction 


solubility  in  acetonitrile  or  propylene  carbonate  showed  a  general  decrease 
with  increasing  alkyl  chainlength.  For  Al(O-sec-Bu)^ .  the  addition  of 
hexane  to  the  alkoxide  decreased  the  solubility  of  the  Al(O-sec-Bu)^  in 
propylene  carbonate.  Removing  the  n-propanol  and  diluting  with  hexane 
reduced  the  solubility  of  Zr(OPr)^  in  propylene  carbonate. 

Emulsions  were  prepared  using  each  of  the  alkoxides  listed  in  Table  2, 
respectively,  and  either  propylene  carbonate  or  acetonitrile.  Powder 
morphology  was  then  examined  as  a  function  of  alkoxide  solubility  in  the 
continuous  phase.  SEM  inspection  showed  that  for  alkoxides  with  relatively 
high  solubilities,  the  resulting  powders  contained  both  very  fine, 
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irregularly  shaped  particles  (-<0.01-0.15  pm)  and  larger,  spherical 
particles  (0.2-10.0  jim) ,  as  shown  in  Figure  4.  When  alkoxides  with 
comparatively  low  solubilities  were  used,  the  number  of  fine  particles 
decreased  (SEM  observation)  so  that  with  low- solubility  alkoxide  systems, 
few  fine  particles  were  observed  and  powders  contained  mostly  0.1-l-/ira 
diameter,  discrete  spherical  particles  (Fig.  5).  Consistent  with  the 
alkoxide  solubilities'  being  lower  in  propylene  carbonate  than  in 
acetonitrile,  powders  formed  from  the  same  alkoxide  had  a  more  uniform 
distribution  when  propylene  carbonate  was  used  as  the  continuous  phase 
instead  of  acetonitrile. 

Powders  formed  from  Al(O-sec-Bu) ^  diluted  with  hexane  had  a  more 

uniform  distribution  than  powders  formed  from  undiluted  Al(O-sec-Bu)  .  as 

shown  in  Figure  6.  This  was  partly  due  to  the  reduced  solubility  of 

Al(O-sec-Bu) ^  in  propylene  carbonate  when  hexane  was  added,  and  was  also 

probably  a  result  of  the  lowered  alkoxide  viscosity  when  hexane  was  added, 

which  facilitated  emulsification.  Similarly,  powders  prepared  with  Zr(0-n- 

Pr).  diluted  with  20  vol%  hexane  had  a  more  uniform  distribution  than 

u 

powders  prepared  with  Zr(OPr)^  in  rj-propanol  (Fig.  7)  . 

Hydrolysis  of  alkoxide  in  the  alkoxide - saturated  continuous  phase 
resulted  in  powders  with  a  very  fine  particle  size,  and  so  it  was 
hypothesized  that  1)  the  fine  particles  resulted  from  the  hydrolysis 
of  alkoxide  dissolved  in  the  continuous  phase,  and  2)  the  spherical, 
0.1-l-/im  diameter  particles  resulted  from  the  hydrolysis  of  alkoxide 
droplets.  Thus,  when  higher-solubility  alkoxides  were  used,  more  fine 
particles  were  observed,  and  when  lower-solubility  alkoxides  were  used,  the 
number  of  fine  particles  decreased. 
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Using  the  alkoxide/continuous  phase  criteria  of  immiscibility  and  low 

alkoxide  solubility  in  the  continuous  phase,  either  Ti(O-n-Bu)^  or  Ti(0-2- 

EtHex),  was  used  as  a  titanium  source,  Al  (0- Sjec  -  Bu) .  diluted  in  hexane  was 
4  j 

used  as  an  aluminum  source,  and  Zr(O-n-Pr)^  diluted  in  hexane  was  used  as  a 
zirconium  source.  Based  on  SEM  observations  and  alkoxide  solubility 
measurements,  propylene  carbonate  was  preferred  to  acetonitrile  as  a 
continuous  phase.  Having  established  the  alkoxide/continuous  phase  pairs 
finally  selected,  the  effects  of  surfactant  on  emulsion  stability  and 
powder  morphology  are  now  discussed. 

Surfactant  choice 

Emulsions  are  typically  stabilized  by  adding  surfactant.  Surfactant 
addition  can  lead  to  smaller,  more  stable  droplets  because  the  surfactant, 
by  lowering  the  interfacial  tension,  lowers  the  energy  required  to  break 
the  liquid  into  droplets;  also,  by  acting  as  a  barrier  to  coagulation/ 
coalescence,  the  surfactant  slows  the  coagulation/coalescence  of  droplets. 

A  variety  of  nonionic  surfactants,  including  Span,  Tween,  and  Brij 
surfactants,  were  investigated.  Span  surfactants  are  a  class  of  sorbitan 
fatty  acid  esters;  Tween  surfactants  are  polyoxyethylene  sorbitan  fatty 
acid  esters;  and  Brij  surfactants  are  polyoxyethylene  fatty  ethers. 
Structures  for  these  surfactants  are  shown  in  Figure  8.  All  of  these 
surfactants  contain  hydroxyl  groups  (it  was  difficult  to  find  commercial 
surfactants  that  did  not  contain  reactive  groups),  but  because  the  Brij 
surfactants  have  the  fewest  hydroxyl  groups  per  molecule,  they  were 
preferentially  used. 

Emulsions  of  Ti(O-n-Bu)^  in  either  acetonitrile  or  propylene  carbonate 
were  prepared  with  surfactant  concentrations  ranging  from  0  to  1.0  vol%. 
With  acetonitrile,  as  the  surfactant  concentration  increased,  the  emulsion 
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stability  increased  and  the  resulting  powders  decreased  in  size,  e.g.,  from 
-5-20  /j.m  with  no  surfactant  to  -0.2-5  pm  with  1  vol%  Brij  97. 

Concurrent  with  this  decrease  in  particle  size,  an  increase  in  the  number 
of  fine  particles  was  observed.  These  effects  are  shown  in  Figure  9. 

In  contrast,  when  propylene  carbonate  was  used  as  the  continuous 
phase,  the  addition  of  surfactant  had  little  effect  on  the  emulsion 
stability  or  the  resulting  particle  size,  and  there  was  no  significant 
increase  in  the  number  of  fine  particles  with  increasing  surfactant 
concentration  (Fig.  10).  Comparison  of  a  series  of  Ti(0-n-Bu)^-in- 
propylene  carbonate  emulsions  prepared  with  surfactant  (1  vol%  Brij  35)  to 
those  prepared  with  no  surfactant  showed  the  resulting  average  particle 
sizes  (measured  by  centrifugal  particle-size  analysis)  to  be  similar: 
0.85±0.7  pm  and  0.95±0.7  pm  for  powders  prepared  without  and  with 
surfactant,  respectively. 

Because  the  emulsion  droplets  were  hydrolyzed  immediately  after 
formation,  emulsion  stability  was  required  for  less  than  30  s.  The 
difference  in  particle  size  between  powders  formed  in  acetonitrile  and 
those  formed  in  propylene  carbonate  when  the  emulsions  were  prepared 
without  surfactant  was  attributed  to  a  difference  in  stability  of  the 
emulsion  droplets. 

This  stability  difference  was  due,  at  least  partially,  to  the  higher 
viscosity  of  propylene  carbonate  (2.5  cp,  per  Lee,  1976)  compared  to  the 
viscosity  of  acetonitrile  (0.36  cp,  per  Coulter  Product  Reference  Manual, 
1982').  Because  collision  frequency  is  indirectly  proportional  to  the 
continuous  phase  viscosity  (Hiemenz,  1977),  emulsion  stability  increases 
with  an  increase  in  the  viscosity  of  the  continuous  phase.  The  emulsion 
creaming  rate  is  also  indirectly  proportional  to  the  continuous  phase 
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viscosity  (Carroll,  1976).  Creaming  leads  to  an  alkoxide-droplet-rich 
layer,  which  can  contribute  to  droplet  growth  because  of  the  increase  in 
the  droplet  collision  rate  with  increasing  droplet  concentration.  The 
higher  viscosity  of  propylene  carbonate,  therefore,  decreased  droplet 
coagulation  by  reducing  the  coagulation  rate  and  the  creaming  rate. 

It  was  hypothesized  that  the  fine  particles  that  appeared  with 
increasing  surfactant  concentration  in  the  acetonitrile  system  resulted 
either  from  the  solubilization  of  the  alkoxide  within  micelles  or  from 
the  alkoxide 's  reaction  with  the  surfactant,  leading  to  acetonitrile- 
soluble  alkoxide -surfactant  molecules.  In  either  case,  the  perceived 
solubility  of  Ti(O-Q-Bu)^  in  the  continuous  phase  would  increase  as  the 
surfactant  concentration  is  increased. 

Titanium  solubility  as  a  function  of  surfactant  (Brij®35) 
concentration  in  both  acetonitrile  and  propylene  carbonate  was  measured  to 
see  if  the  formation  of  fine  particles  could  be  related  to  alkoxide 
solubility.  These  results,  shown  in  Figure  11,  indicate  that  in  the 
acetonitrile  system,  as  the  surfactant  concentration  was  increased  from  0 
to  1  vol%,  the  alkoxide  solubility  increased  over  5  times,  while  in  the 
propylene  carbonate  system,  solubility  increased  only  slightly.  These 
results  follow  the  trend  observed  in  the  pure  solvent  case:  as  the 
solubility  increased,  the  number  of  fine  particles  also  increased. 

One  explanation  for  the  increased  number  of  fine  particles  as  the 
surfactant  concentration  was  increased  in  powders  formed  in  acetonitrile 
but  not  in  propylene  carbonate  is  that  micelles  form  in  acetonitrile  but 
not  in  propylene  carbonate.  Possible  micelle  formation  and  its  influence 
on  the  powder  was  of  interest  because  the  presence  of  micelles  is  one  way 
in  which  emulsions  could  differ  from  aerosols  and  complicate  the  powder- 
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formation  process.  Micelles  are  surfactant  aggregates  that  form  above  a 
solvent-specific  surfactant  concentration  known  as  the  critical  micelle 
concentration  (CMC).  The  micelle  interior  (in  this  case,  a  nonpolar, 
hydrocarbon- rich  region)  solubilizes  material  that  is  insoluble  in  the 
continuous  phase.  Micelle-solubilized  alkoxide  could  react  to  yield  the 
fine  particles  observed  at  higher  surfactant  concentrations.  Particle 
formation  has  been  shown  to  occur  in  various  micelle  (or  microemulsion) 
systems  (e.g.,  Lufimpadio,  Nagy,  and  Derouane,  1984;  Kandori,  Kon-ho,  and 
Kitahara,  1988). 

The  literature  contains  little  information  on  micelle  formation  in 
polar,  nonaqueous  solvents.  Micellization  of  nonionic  surfactants  has  not 
been  reported  in  acetonitrile  or  propylene  carbonate,  though  it  has  been 
observed  in  a  variety  of  polar  solvents  (Ray,  1971;  Magrid,  1978).  Ray 
(1971)  found,  in  a  study  of  micelle  formation  of  polyoxyethylene  (9) 
nonylphenol  in  a  series  of  polar,  nonaqueous  solvents,  that  the  CMC  was 
dramatically  higher  than  in  water;  typically,  the  CMC  was  several  orders  of 
magnitude  higher  in  the  nonaqueous  solvents,  and  tended  to  increase  with 
decreasing  Hildebrand  parameter.  For  example,  in  formamide ,  the  CMC  was 
0.9  vol%.  Ray  only  found  evidence  for  micelle  formation  in  solvents  with 
two  or  more  hydrogen-bonding  centers.  Others,  in  studies  of  ionic 
surfactants,  found  evidence  of  micelle  formation  in  solvents  with  only  one 
hydrogen-bonding  center  (Singh,  Singh,  and  Tewari,  1976;  Singh  et  al., 
1980),  and  micellization  of  anionic  surfactant  in  acetonitrile  has  also 
been  reported  (Fendler  and  Fendler,  1975). 

To  determine  if  micellization  occurred  in  the  acetonitrile  in  the 
present  study,  the  surface  tension  of  acetonitrile  was  measured  as  a 
function  of  surfactant  concentration,  using  a  surface  tensiometer.  At 


26 


A.  Hardy 


AFOSR/1988 


HYDROLYSIS  OF  ALKOXIDE  EMULSION  DROPLETS 


surfactant  concentrations  less  than  the  CMC,  the  surfactant,  if  surface 
active,  should  reduce  the  surface  tension.  Above  the  CMC,  the  surfactant 
associates  to  form  micelles  and  does  not  act  to  reduce  the  surface  tension. 
If  micelles  form,  a  sharp  break  in  the  slope  of  a  plot  of  surface  tension 
against  surfactant  concentration  should  occur  at  the  CMC. 

Our  results  showed  that  over  the  range  of  0-1  vol%  Brij®35,  surface 
tension  was  independent  of  the  surfactant  concentration.  Surface  tension 
changes  produced  by  adding  surfactant  to  organic  solvents  are  often  small 
compared  to  surface  tension  changes  produced  by  adding  surfactants  to  water 
(Kertes  and  Gutman,  1976)  because  of  the  lower  surface  tension  of 
nonaqueous  solvents.  Ray  (1971)  found  that,  in  non-micelle- forming 
solvents,  the  surface  tension  of  the  solvent-surfactant  mixture  was  that 
expected  for  a  mixture  of  two  liquids  (i.e.,  the  surfactant  and  the 
solvent) .  It  is  possible  that  acetonitrile  and  Brij®35  have  similar 
surface  tensions,  and  the  addition  of  a  small  amount  of  surfactant  does  not 
change  the  surface  tension  noticeably.  Based  on  surface  tension 
measurements,  no  evidence  of  micelle  formation  in  acetonitrile  was 
observed.  This  would  agree  with  Ray's  (1971)  conclusions  that  nonionic 
surfactants  do  not  form  micelles  in  solvents  with  fewer  than  two  hydrogen¬ 
bonding  centers . 

Another  explanation  for  the  increase  in  the  number  of  fine  particles 
with  surfactant  concentration  in  powders  formed  in  acetonitrile  is  that  the 
alkoxide  reacted  with  the  surfactant  to  form  an  alkoxysurfactant  product 
that  was  soluble  in  acetonitrile.  It  was  calculated  for  a  solution  with 
1  vol%  Brij®35,  assuming  one  OH  group  per  surfactant  molecule,  that  if  each 
OH  group  reacted  with  an  alkoxide  molecule  to  form  an  acetonitrile-soluble 
product,  the  perceived  titanium  alkoxide  solubility  in  acetonitrile  would 
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increase  to  -9.6  x  10  volume  fraction.  The  measured  titanium  alkoxide 
solubility  with  1  vol%  Brij®35  was  3.5  x  10  volume  fraction,  a  value  that 
is  in  reasonable  agreement  with  the  former,  as  it  is  possible  that  not 
every  surfactant  molecule  would  react.  There  are  several  explanations  for 
the  observation  that  the  effect  of  surfactant  addition  was  not  as  dramatic 
in  propylene  carbonate  as  in  acetonitrile:  it  is  possible  that  the 
alkoxysurfactant  product  was  less  soluble  in  propylene  carbonate  than  in 
acetonitrile,  or  that  propylene  carbonate  was  a  poorer  solvent  for  the 
alkoxysurfactant  reaction. 

Because  the  addition  of  surfactant  had  little  effect  on  the  particle- 
size  distribution  of  powders  formed  in  propylene  carbonate,  a  surfactant 
was  not  used  with  propylene  carbonate.  Addition  of  a  surfactant  added 
another  nonvolatile  carbon  source  that  had  to  be  removed  after  powder 
formation.  For  example,  a  typical  surfactant  concentration  of  1  vol%  in 
the  emulsion  corresponded,  in  an  emulsion  containing  10  vol%  Ti(O-n-Bu)^, 
to  approximately  40  wt%  of  the  powder. 

Based  on  the  results  described  in  this  section,  the  emulsion  system 
selected  for  further  study  was  defined  as  one  consisting  of  propylene 
carbonate  as  the  continuous  phase,  Ti(O-n-Bu).  or  Ti (0- 2 - EtHex) .  as 

4  4 

titanium  sources,  Al(O-soc-Bu)  (20  vol%  hexane)  as  an  aluminum  source,  and 

Zr(O-n-Pr).  (20  vol%  hexane)  as  a  zirconium  source.  No  surfactant  was 
—  4 

used . 

Powder  Formation  Mechanism 
Investigative  approach 

The  work  described  so  far  has  been  based  on  the  assumption  that 
droplets  hydrolyze  and  retain  their  shape  and  composition,  so  that  the 


28 


A.  Hardy 


AFOSR/1988 


HYDROLYSIS  OF  ALKOXIDE  EMULSION  DROPLETS 


particle  size  is  thus  determined  by  the  droplet.  This  assumption  seemed 
valid  based  on  work  with  alkoxide  aerosols  done  by  Visca  and  Matijevic 
(1979),  Ingebrethsen  and  Matijevic  (1980),  Ingebrethsen ,  Matijevic,  and 
Partch  (1983),  and  Ishizawa  et  al .  (1986),  which  showed  that  individual 
aerosol  droplets  hydrolyze  or  pyrolyze  to  form  particles  with  a  size  and 
composition  determined  by  the  droplet.  As  with  aerosols,  liquid  alkoxide 
droplets  were  reacted;  the  gaseous  continuous  phase  of  an  aerosol,  however, 
was  replaced  by  a  liquid.  The  present  section  discusses  whether  this 
assumption  --  that  individual  droplets  react  to  form  particles  --  proved 
valid  for  this  new  system. 

Because  the  reaction  occurs  rapidly  and  in  a  turbid  system,  the 
progress  of  hydrolysis  was  difficult  to  monitor,  specifically  the  location 
of  water,  alkoxide,  and  hydrolyzed  alkoxide.  Most  methods  for 
extrapolating  information  on  the  reaction  mechanism  involved  either  varying 
the  processing  parameters  and  noting  whether  changes  in  the  powder 
morphology  were  consistent  with  our  hypothesis,  or  comparing  the  initial 
emulsion  system  with  the  hydrolysis  product  and  inferring  how  the  alkoxide 
droplets  transformed  to  solid  particles.  In  this  section,  the  results  of 
these  two  approaches  are  described. 

Variation  of  dispersed- phase  concentration 

Emulsions  were  prepared  with  Ti(O-n-Bu).,  Ti (0- 2 - EtHex) ,  ,  and 

4  4 

Al(0- sec- Bu) ^  (20  vol%  hexane)  over  a  range  of  alkoxide  concentrations 
(0.1-20  vol%)  to  investigate  the  effect  of  alkoxide  concentration  on  powder 
morphology,  particularly  on  the  particle-size  distribution.  If  droplets 
react  to  form  particles,  the  powder  morphology  would  be  expected  to  be 
relatively  independent  of  the  alkoxide -phase  concentration,  except  for 
alkoxide  concentrations  at  which  the  relative  amount  of  dissolved  alkoxide 
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becomes  high  (i.e.,  for  low  alkoxide  concentrations)  or  for  alkoxide 
concentrations  at  which  the  droplet  concentration  is  high  enough  that 
collisions  occur  frequently  and  emulsion  stability  is  decreased. 

For  Ti(O-n-Bu),  and  Al(0- sec  - Bu) „ .  it  was  found  that  emulsions  could 

—  4  -  3 

be  prepared  with  a  dispersed-phase  concentration  ranging  from  -1-20  vol% 
without  significant  changes  in  the  particle  -  size  distribution.  At 
concentrations  less  than  -1  vol%,  the  percentage  of  fine  particles  in 
emulsions  equilibrated  -20  min  before  hydrolysis  became  significant,  as 
reflected  in  part icle - s ize  distributions  (measured  by  centrifugal  particle- 
size  analysis)  and  TEM  and  SEM  micrographs.  At  dispersed-phase 
concentrations  greater  than  20  vol%,  emulsions  separated  rapidly  after 
formation . 

In  Table  2,  solubilities  of  Ti(O-n-Bu)^  and  Al(O-sec-Bu)^  in  propylene 
carbonate  were  reported.  Based  on  these  values,  it  was  expected  that  for 
emulsions  formed  from  Ti(O-n-Bu)^  and  Al (0-sec- Bu)  ^ .  a  significant  amount 
of  alkoxide  would  be  dissolved  from  the  droplet  into  the  continuous  phase 
at  alkoxide  concentrations  less  than  -1  vol%.  As  shown  earlier  in  this 
report,  this  dissolved  alkoxide  hydrolyzed  to  form  what  were  described  as 
fine  particles,  i.e.,  irregularly  shaped  particles  or  floes  of  particles 
with  a  primary  particle  size  less  than  -0.2  /jra.  Aluminum  hydrous  oxide 
powders  prepared  from  Al (0- sec  - Bu) ^  had  more  fine  particles  than  had 
titanium  hydrous  oxide  powders  at  the  same  dispersed-phase  concentration 
(as  observed  by  SEM  and  TEM),  as  would  be  expected  from  the  higher 
solubility  of  Al (0- sec  - Bu) ^  in  propylene  carbonate. 

It  was  observed  that  emulsion  stability  increased  with  a  decrease  in 

alkoxide  concentration.  For  example,  emulsions  formed  with  1  vol% 

Ti(O-n-Bu).  were  stable  for  at  least  20  min;  emulsions  formed  with  20  vol% 
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Ti(O-n-Bu)^  showed  signs  of  separation  after  only  several  minutes.  Because 
of  the  limited  emulsion  stability  at  higher  dispersed-phase  concentration, 
20  vol%  was  chosen  as  an  upper  limit  for  the  alkoxide  concentration  in  the 
emulsion. 

Alkoxide  concentration  effects  on  particle  size-distributions  are 
shown  in  the  particle  -  size  distributions  as  a  function  of  Ti(O-n-Bu)^ 
concentration  for  samples  prepared  from  emulsions  equilibrated  for 
20-25  min  before  hydrolysis  (Fig.  12).  At  low  Ti(O-n-Bu)^  concentrations 
(Fig.  12a),  there  were  many  fine  particles  (particle  diameter  <0.2  /im) .  At 
1  vol%  Ti(O-Q-Bu)^ ,  there  were  significantly  fewer  fine  particles,  and  the 
particle-size  distributions  for  powders  prepared  from  1  and  10  vol% 
Ti(O-n-Bu)^  were  similar. 

This  effect  of  alkoxide  concentration  can  be  seen  in  micrographs  of 
powders  prepared  from  Ti(O-n-Bu)^  and  Al(O-sec-Bu) ^  (Figs.  13  and  14).  At 
low  alkoxide  concentrations,  TEM  and  SEM  micrographs  showed  that  the 
powders  contained  a  mixture  of  fine,  irregularly  shaped  or  agglomerated 
particles  and  larger,  spherical  particles.  Often,  at  magnifications  used 
for  SEM,  these  fine  particles  appeared  as  an  almost  smooth  coating  over  the 
larger  particles.  At  moderate  alkoxide  concentrations,  the  relative  number 
of  fine  particles  was  reduced,  and  the  overwhelming  majority  of  particles 
were  spherical,  submicrometer-  to  micrometer-diameter  particles.  Figure  15 
shows  fine  particles  formed  from  Al(Q-sec -Bu) ^  and  Ti(O-n-Bu)^  at  high 
magnifications;  note  the  irregular  particle  shape  and  agglomerated 
particles . 

The  results  for  Ti(O-n-Bu)^  and  Al(O-sec-Bu)^  contrasted  with  those 
for  powders  prepared  from  Ti(0-2-EtHex)^  in  the  propylene  carbonate 
emulsions.  For  Ti (0- 2 - EtHex)^ ,  powders  could  be  prepared  from  emulsions 
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containing  as  little  as  0.2  vol%  Ti(0-2-EtHex)^  with  no  dramatic  changes  in 
the  relative  number  of  fine  particles.  This  low  concentration  of  fine 
particles  was  consistent  with  the  low  Ti (0- 2 - EtHex)^  solubility  in 
propylene  carbonate  (<5  x  10  ^  volume  fraction).  Again,  the  upper  limit 
for  alkoxide  concentration,  20  vol%,  was  set  by  the  emulsion  stability. 

When  the  powders  described  above  were  prepared  from  dilute  emulsions 
(<5  vol%),  the  emulsions  were  reacted  -20  min  after  sonication.  When  very 
dilute  emulsions  (<1  vol%)  were  reacted  immediately  after  formation,  very 
few  fine  particles  were  observed  (Fig.  16).  This  lack  of  fine  particles 
indicates  that  the  dissolution  of  the  alkoxide  into  the  continuous  phase 
takes  time.  This  observation  was  supported  by  droplet-size  measurements 
(centrifugal  particle-size  analyzer)  made  a  few  minutes  after  emulsion 
formation  and  30  min  after  formation.  These  measurements  showed  that,  for 
dilute  Ti(O-n-Bu)^- in-propylene  carbonate  emulsions,  the  average  droplet 
size  decreased  with  time  as  the  droplets  dissolved  into  the  continuous 
phase  until  the  equilibrium  alkoxide  concentration  in  propylene  carbonate 
was  reached. 

Based  on  these  results,  three  alkoxide -concentration  regions  were 
defined  for  Ti(O-n-Bu)^  and  Al (0- sec  - Bu) ^  in  propylene  carbonate:  low 
alkoxide  concentrations  (-<1  vol%)  that,  because  of  the  finite  solubility 
of  the  alkoxide  in  the  propylene  carbonate,  caused  many  fine  particles  to 
form  due  to  hydrolysis  of  the  alkoxide  in  solution;  moderate  alkoxide 
concentrations  (-1-20  vol%)  that  caused  the  majority  of  particles  to  form 
due  to  hydrolysis  of  the  alkoxide  droplets;  and  high  enough  alkoxide 
concentrations  (->20  vol%)  that  the  emulsion  stability  was  reduced. 
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Temperature  effects 

Powder  morphology  was  also  examined  as  a  function  of  reaction 
temperature  for  Ti(0-n-Bu)^-in-propylene  carbonate  emulsions.  At  alkoxide 
concentrations  greater  than  approximately  1  vol% ,  changes  in  reaction 
temperature  (from  -15°C  to  100°C)  did  not  strongly  affect  the  powder 
morphology,  presumably  because  the  change  in  alkoxide  solubility  in 
propylene  carbonate  was  small  compared  to  the  total  alkoxide  concentration. 

At  very  dilute  alkoxide  concentrations  (e.g.,  0.2  vol%  Ti (O-n-Bu)^) , 
the  powders  that  formed  at  a  reaction  temperature  of  100°C  provided  an 
interesting  contrast  to  powders  that  formed  at  room  temperature.  As  the 
dilute  emulsion  was  heated  to  100°C,  the  turbid  emulsion  cleared,  indicating 
that  the  alkoxide  had  become  completely  miscible  with  the  propylene 
carbonate.  Powders  were  formed  from  solution  (T  -  100°C)  and  from  an 
emulsion  (T  -  25°C)  at  the  same  alkoxide  concentration  to  compare  the 
morphology  of  powders  prepared  from  solution  with  that  of  powders  prepared 
from  droplet  hydrolysis.  Figure  17  shows  that  powders  formed  at  100°C  from 
Ti(O-n-Bu)^  in  solution  had  morphologies  very  different  from  those  of 
powders  formed  at  room  temperature,  a  condition  under  which  the  alkoxide 
was  immiscible  and  alkoxide  droplets  were  hydrolyzed.  This  same  effect  can 
be  seen  in  a  comparison  of  the  particle - s ize  distributions  of  powders 
formed  at  25°C  with  the  distributions  of  powders  formed  at  100°C  (Fig.  18) . 
Powders  formed  at  100°C  have  a  much  smaller  average  particle  size  than 
powders  formed  from  the  reaction  of  alkoxide  droplets  at  25°C.  Again,  it 
was  concluded  that  when  the  alkoxide  is  emulsified  as  droplets,  the 
droplets  act  as  microreactors  and  determine  the  shape  and  size  of  the 
particles . 
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Droplet-size  and  particle-size  distributions 

Part  of  the  hypothesis  is  that  the  droplet  acts  as  a  microreactor  and 
determines  the  particle  size.  To  strengthen  this  hypothesis,  the  average 
droplet  size  and  droplet-size  distribution  and  the  corresponding  particle 
size  and  size  distributions  were  measured  for  a  series  of  emulsions.  If 
each  droplet  reacts  to  form  a  particle,  it  should  be  possible  to  predict 
the  particle-size  distribution  from  the  droplet- size  distribution.  If  the 
particle-size  distribution  calculated  from  the  droplet-size  distribution 
agrees  with  the  measured  particle  -  size  distribution,  the  hypothesis  that 
each  droplet  reacts  to  form  a  particle  would  be  strengthened.  Droplet-  and 
particle  -  size  distributions  were  measured  by  centrifugal  particle  -  size 
analysis.  Because  this  technique  requires  very  dilute  samples  (-0.1 -0.2 
vo  1 % ) ,  droplet-size  distributions  were  measured  using  Ti (0- 2 - EtHex)^ - in¬ 
propylene  carbonate  emulsions.  It  was  previously  shown  that  even  at  this 
dilution,  most  of  the  Ti(0-2-EtHex)^  remains  in  the  droplet. 

Droplet-size  measurements  were  very  sensitive  to  moisture,  because  at 
these  low  alkoxide  concentrations,  very  little  water  is  needed  to  hydrolyze 
the  alkoxide  (e.g.,  if  the  alkoxide  concentration  were  0.1%,  the  water 
concentration  necessary  to  completely  hydrolyze  the  alkoxide  would  be 
0.006%.)  To  obtain  reproducible  results,  it  was  necessary  to  flame-dry  all 
glassware  immediately  before  taking  it  into  the  glove  box,  perform  all 
sample  preparation  in  the  glove  box,  and  carefully  distill  the  solvent 
before  use. 

It  was  calculated  that  droplet  diameters  would  decrease  by  40%  when 

reacted  to  form  powder  particles  (based  on  a  Ti (0- 2 - EtHex)  density  of  0.93 

3  3 

g/cm  and  a  measured  uncalcined  TiO^  density  of  2.2  g/cm  ).  The  average 

particle  diameter  calculated  from  the  average  droplet  diameter  was  then 
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compared  to  the  corresponding  measured  average  particle  diameter. 

Measurement  of  a  series  of  six  samples  showed  that  the  ratio  of  the 
predicted  average  particle  diameter  to  the  actual  average  particle  diameter 
was  0.91±0.1.  Ideally,  of  course,  a  ratio  of  1.0  would  be  expected,  but 
0.91  was  within  the  accuracy  of  the  size  measurement. 

The  particle  -  size  distribution  shape  and  range  calculated  from  the 
droplet-size  distribution  was  also  compared  with  the  corresponding  actual 
particle-size  distribution.  The  distributions  tended  to  show  a  comparable 
range  of  diameters  and  had  roughly  the  same  shape.  Figure  19  shows  a 
typical  comparison  between  the  predicted  particle-size  distribution  and  the 
actual  particle-size  distribution.  In  this  case,  for  example,  the 
predicted  average  particle  diameter  was  0.95±0.05  pm;  the  average  measured 
particle  diameter  was  0.91±0.05  pm. 

In  some  cases,  the  particle  diameters  and  distributions  predicted  from 
droplet  distributions  were  slightly  skewed  toward  smaller  sizes.  This 
could  be  an  effect  of  the  droplets'  dissolving  (in  the  diluted  sample)  while 
the  droplet  diameters  were  being  measured,  or  of  miscible  Ti (0- 2 - EtHex)^ ' s 
reacting  with  trace  amounts  of  water.  However,  overall,  the  predicted 
particle-size  distributions  (based  on  droplet  size)  were  found  to  be  in 
good  agreement  with  the  actual  particle-size  distributions,  giving  further 
support  to  the  hypothesis  that  individual  droplets  react  to  form  powder 
particles . 

Proposed  droplet  hydrolysis  mechanism 

Particles  were  assumed  to  form  by  hydrolysis  at  the  droplet/continuous 
phase  interface.  As  previously  discussed,  intermediate  hydrolysis  products 
tend  to  be  viscous  polymers.  The  partially  hydrolyzed  alkoxide  could 
continue  to  diffuse  within  the  droplet  and  condense  with  other  alkoxide 
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molecules  before  Che  droplet  solidifies.  The  alcohol  products  are  soluble 
in  the  continuous  phase  and  could  be  dissolved  out  of  the  droplet/particle 
into  the  continuous  phase. 

Several  rate  -  limiting  steps  can  be  assumed  for  the  transformation  of 
alkoxide  droplets  to  solid  particles,  including  diffusion  of  water  to  the 
alkoxide/propylene  carbonate  interface,  the  chemical  reaction  at  the 
interface,  and  diffusion  of  water  through  a  solid  shell  around  the 
partially  reacted  particle.  Because  a  large  excess  of  water  was  used,  the 
rate  -  limiting  steps  were  assumed  to  be  either  the  chemical  reaction  time  or 
diffusion  of  water  through  the  solid  shell. 

The  assumption  that  a  solid  shell  forms  around  the  reacting  droplet 

assumes  that  the  conversion  of  the  alkoxide  to  a  solid  occurs  faster  than 

diffusion  of  partially  hydrolyzed  alkoxide  within  the  droplet/particle,  so 

that  a  solid  shell  develops  around  an  unreacted  alkoxide  core.  Assuming  a 

-  5  2 

diffusivity  of  1  x  10  cm  /s  and  a  reaction  time  of  1  ms,  the  diffusivity 
distance  is  calculated  to  be  about  1  ^m.  However,  as  the  alkoxide  reacts, 
it  becomes  much  more  viscous  (Bradley,  Mehrotra,  and  Gaur,  1978),  and  the 
size  of  the  diffusing  species  increases  so  that  the  diffusivity  rate  could 
rapidly  decrease  by  several  orders  of  magnitude.  One  micrometer  would  be 
an  upper  limit  to  the  possible  diffusion  distance.  It  appears  likely, 
based  on  this  approximate  calculation,  that  reaction  shells  could  form, 
particularly  in  larger  droplets. 

The  chemical  reaction  time  and  the  diffusion  time  of  water  through  a 
porous  shell  were  then  compared  for  different  droplet  diameters.  Although 
reaction  rates  have  not  been  measured  for  fast- reacting  alkoxides, 

Matijevic  (1984)  estimates  that  aerosol  alkoxide  droplets  hydrolyze  to  form 
particles  in  milliseconds.  Three  reaction  times  were  assumed  for  a  l-/jm 
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droplet:  0.5,  1.0,  and  5.0  ms.  These  were  used  to  calculate  a  reaction 
rate  constant,  ks ,  using  the  following  relation  for  reaction  time  at  the 
surface  of  a  shrinking  spherical  particle: 

t  -  p  ,  (R  -  r  )/(2k  C  )  (1) 

rdrop  p  '  s  w  v  ' 

where  Is  the  molar  density  of  the  droplet,  Cw  is  the  water  molar 

concentration,  R  is  the  initial  alkoxide-droplet  size,  and  r^  is  the  final 
particle  size.  Using  these  rate  constants,  reaction  times  as  a  function  of 
droplet  diameter  were  then  calculated. 

The  time  required  for  a  water  molecule  to  diffuse  through  an 
oxyhydroxide  layer  was  calculated  from  the  relation: 

C  “  ^droPR2{1  *  3VR>2  +  2(VR)3l/(12DCW)  (2) 

The  diffusivity,  D,  was  assumed  to  be  that  of  water  in  propylene  carbonate 
through  a  porous  layer,  and  was  calculated  from  the  relation  (Smith,  1981): 

D  -  «^2[kT/6jrf7a]  (3) 

where  e  is  the  void  fraction,  which  was  assumed  to  be  0.4,  based  on 
M 

measured  densities  of  the  powders. 

Figure  20  shows  the  ratio  of  the  diffusion  time  to  the  chemical 
reaction  time  as  a  function  of  droplet  radius  for  the  three  reaction  times. 

For  the  fastest  assumed  reaction  time  (0.5  ms),  the  conversion  rate  is 
controlled  by  the  chemical  reaction  rate  for  radii  less  than  3.8  /urn,  and  by 
diffusion  for  larger  radii.  (It  should  be  noted,  however,  that  when  the 
diffusion  and  reaction  times  differ  within  an  order  of  magnitude  of  each 
other,  neither  step  is  considered  to  be  rate-controlling,  and  the  reaction 
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control  is  assumed  to  be  mixed.)  When  slower  reaction  rates  were  assumed, 
the  radius  at  which  diffusion  became  rate-limiting  increased. 

Physically,  particle  shells  or  dimpled  particles  might  be  expected 
when  diffusion  is  rate  -  limiting  because  the  alkoxide  centers  do  not  react. 
Although  no  particle  shells  were  observed,  dimpled  particles  were  found  in 
powders  formed  from  Ti(O-n-Bu)^,  especially  for  larger  particles,  as  shown 
in  Figure  21,  indicating  that  for  these  particles,  the  reaction  rate  might 
be  diffusion-controlled. 

Powder  Characteristics 
Powder  morphology 

It  was  found  that  spherical  particles  with  diameters  ranging  from 
0.2  n m  to  several  micrometers  could  be  formed  by  hydrolyzing  emulsions  of 
Ti(O-n-Bu)^,  Ti(0-2-EtHex)^ ,  Al(O-sec-Bu) ^ ,  Zr(O-fl-Pr)^,  or  mixtures  of 
these  alkoxides  in  propylene  carbonate.  Titanium  hydrous  oxide  powders 
tended  to  have  slightly  higher  average  particle  sizes  than  did  aluminum  or 
zirconium  hydrous  oxide  powders,  and  contained  more  particles  with 
diameters  greater  than  1  pm.  For  some  TiC^  powders,  it  was  observed  that 
some  of  the  particles  were  dimpled  (e.g.,  Fig.  21).  Dimpled  particles 
probably  form  because  not  all  the  alkoxide  reacts  and  the  particle 
collapses  into  the  unreacted  alkoxide.  Aluminum  and  zirconium  hydrous 
oxide  powders  did  not  contain  dimpled  particles.  TEM  observation  of 
aluminum  hydrous  oxide  particles  showed  that  each  particle  appeared  to 
consist  of  many  smaller  particles.  No  particle  substructure  was  observed 
for  TiC^  or  ZrO^  particles  (Fig.  22). 

Weight  loss 

Weight  loss  as  a  function  of  temperature  (TGA)  was  measured  for  the 
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single-oxide  powders.  Weight  loss  was  attributed  to  many  factors, 
including  residual  solvent  or  surfactant  (when  used) ,  unreacted  alkoxide 
groups,  condensation  of  hydroxyl  groups  in  the  hydrous  oxides,  and 
physisorbed  and  chemisorbed  water. 

Weight  losses  for  zirconium  and  titanium  hydrous  oxide  powders  were 
typically  -28-30  wt% ,  while  weight  losses  for  aluminum  hydrous  oxide 
powders  were  around  45  wt% .  TGA  traces  for  each  powder  were  quite 
distinctive;  representative  traces  are  shown  in  Figures  23,  24,  and  25. 

It  was  hypothesized  that,  although  the  powders  were  washed  extensively 
in  a  volatile,  easily  removed  solvent,  remaining  propylene  carbonate  would 
coat  the  powder  or  be  incorporated  into  the  particles.  Just  as  the 
alkoxide  has  a  limited  solubility  in  propylene  carbonate,  propylene 
carbonate  also  has  a  limited  solubility  in  the  alkoxide  droplets  and  could 
be  trapped  in  the  particles.  Propylene  carbonate  in  its  pure  state 
volatilizes  completely  by  160°C.  TGA  traces  of  unwashed  TiC>2  powders 
(containing  large  amounts  of  residual  propylene  carbonate)  showed  that 
weight  loss  below  200°C  was  dramatically  greater  than  that  of  washed  TiO^ 
powders,  which  seemed  to  indicate  that  the  majority  of  the  propylene 
carbonate  coating  particles  burned  off  below  200°C.  However,  the  weight 
loss  above  200°C  was  still  slightly  higher  than  that  for  washed  powders, 
possibly  indicating  that  the  propylene  carbonate  burnoff  was  incomplete, 
leading  to  carbon  char,  which  burned  off  at  higher  temperatures. 

The  amount  of  oxide  in  the  product  depends,  among  other  things,  on  the 
specific  alkoxide,  the  water-to-alkoxide  ratio,  and  --  for  aluminum 
alkoxides  --  the  hydrolysis  temperature  and  aging  conditions  (Yoldas,  1982b). 
A  water-to-alkoxide  ratio  of  -20  was  used  in  the  present  study,  but  that 
did  not  necessarily  compare  directly  with  Yoldas's  (1982b)  results,  because 
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the  number  of  water  molecules  each  alkoxide  molecule  in  an  alkoxide  droplet 
"sees"  probably  differs  from  that  in  a  dilute  alkoxide-alcohol  solution. 
Because  the  hydrolysis  product  composition  for  zirconium  alkoxides  was 
independent  of  water  concentration,  zirconium  hydrous  oxide  provided  a  good 
baseline  for  determining  the  percentage  of  weight  loss  due  to  burnout  of 
propylene  carbonate,  adsorbed  water,  and  residual  alkoxide  groups. 

The  zirconium  hydrolysis  product  obtained  in  the  present  study  was 
assumed  to  contain  80  wt%  ZrC^  (Yoldas,  1982b  and  1986a).  Because  weight 
losses  were  typically  around  30  wt%,  it  was  estimated  that  the  additional 
10%  weight  loss  was  due  to  burnout  of  solvent,  water,  and  alkoxide  groups. 
Carbon  analysis  showed  that  the  Zr02  powders  (before  calcination)  had  a 
carbon  content  of  5-6  wt% .  Carbon  burnout  would  account  for  much  of  the 
additional  weight  loss  for  powders  prepared  by  the  emulsion  method  compared 
to  the  weight  loss  reported  for  powders  prepared  by  Yoldas  (1982b). 

Hydrolysis  of  Al (0- sec - Bu) ^  below  80“C  initially  results  in  an 
amorphous  aluminum  monohvdroxide,  AlOOH,  which  can  convert  to  the 
trihydroxide  if  aged  in  water  (Yoldas,  1973).  Based  on  weight  loss 
measurements  which  corresponded  more  closely  to  the  trihydroxide  (35  wt% 
weight  loss)  than  to  the  monohvdroxide  (15  wt%  weight  loss)  and  on  density 
measurements,  it  was  assumed  that  the  hydrolysis  product  in  the  present 
study  was  a  mixture  of  the  monohydroxide  and  the  trihydroxide  and  that  it 
contained  a  greater  amount  of  trihydroxide.  Carbon  analysis  of  the 
hydrolysis  product  (aluminum  hydrous  oxide)  showed  that  uncalcined  powders 
contained  only  1-2  wt%  carbon,  so  it  was  assumed  that  the  greater  weight 
loss  for  the  aluminum  hydrous  oxide  powders  compared  with  the  titanium  and 
zirconium  oxyhydroxide  powders  was  due  to  water  weight  loss  as  the 
hvdroxides  condensed  to  the  oxide. 
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Weight  losses  for  the  titanium  oxyhydroxide  powders  in  the  current 
study  were  roughly  30  wt% .  According  to  Yoldas  (1986b),  if  hydrolysis 
occurs  in  solution,  the  oxide  content  should  be  approximately  90  wt% ,  for  a 
water-to-Ti(OBu)^  ratio  of  20.  Barringer  (1983)  and  Jean  and  Ring  (1986) 
found  that  for  TiC^  powders  precipitated  from  ethanolic  Ti(OEt)^  solutions 
(water- to-Ti(OEt)^  molar  ratio  -  4.6),  weight  loss  was  approximately  20 
wt% .  Barringer  (1983)  also  found  that  the  uncalcined  powders  contained 
little  carbon  (0.18  wt%).  Carbon  analysis  of  powders  formed  by  the 
reaction  of  emulsion  droplets  in  the  current  study  showed  that  the 
uncalcined  samples  contained  approximately  7  wt%  carbon.  The  additional 
weight  loss  in  powders  formed  from  emulsions  was  probably  due  to  residual 
propylene  carbonate  and  to  residual  butoxy  groups,  as  Ishino  and  Minami 
(1953)  showed  that  butoxy  groups  are  more  difficult  to  completely  hydrolyze 
than  ethoxy  groups. 

Crystallinity 

All  powders  as -formed  were  shown  to  be  amorphous  by  X-ray  diffraction 
(detection  limit,  -1%),  but  upon  calcination  to  600°C,  X-ray  diffraction 
measurements  showed  that  all  powders  had  crystallized  to  some  degree. 
Particles  retained  a  spherical  shape  through  the  calcination  process,  and, 
for  loose  powders  held  for  short  times  (2  h)  at  1000°C,  little  neck  growth 
was  observed  by  SEM,  although  the  powders  had  a  coarser  texture. 

Titanium  hydrous  oxide  powders  as -formed  were  amorphous.  After 
calcining  at  600°C  (2  h) ,  the  powders  transformed  to  anatase;  after  heating 
to  1000°C  (2  h) ,  the  powders  transformed  completely  to  rutile.  X-ray 
diffraction  patterns  are  shown  in  Figure  26.  This  is  consistent  with  the 
findings  of  Yoldas  (1986b)  and  Visca  and  Matijevic  (1979),  who  have 
synthesized  powders  and  gels  from  titanium  alkoxides  and  shown  that, 
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initially,  the  powders  are  amorphous,  but  on  calcining  they  crystallize 
first  to  anatase  and  then  to  rutile. 

Aluminum  hydrous  oxide  powders  calcined  at  250°C  transformed  to 
crystalline  boehmite,  A100H.  After  the  powders  had  been  calcined  at  600°C, 
their  X-ray  spectra  showed  very  broad  peaks  that  appeared  to  correspond  to 
either  y-Al^O^  or  S-Al^O^.  The  peak  assignments  for  the  two  phases  are 
very  similar  and  because  of  the  peak  broadening,  it  was  difficult  to 
distinguish  between  the  two  phases.  Dynys ,  Ljungberg,  and  Halloran  (1984) 
and  Morgan  et  al .  (1986)  have  identified  the  crystal  phase  (in  powders  and 
gels  prepared  from  Al  (0- sec  -  Bu^  hydrolysis)  as  .  After  heating  to 

1000°C,  the  crystal  phase  was  identified  as  tf-A^O^.  Because  the  region 
between  600°C  and  1000°C  was  not  investigated,  it  is  not  known  if  the 
powder  transformed  directly  from  the  7  to  the  9  phase  or  if  it  passed 
though  an  intermediate  5  phase.  The  S  phase,  however,  has  not  been 
reported  fo  form  from  poorly  crystallized  boehmite  (Dynys,  Ljungberg,  and 
Halloran,  1984)  and  so  it  was  not  expected  to  form  in  this  case.  After  the 
powder  was  heated  to  1300°C,  the  diffraction  peaks  were  sharp  and 
corresponded  to  a-Al^O^  .  X-ray  diffraction  patterns  for  the  A^O^  are 
shown  in  Figure  27. 

The  X-ray  peaks  for  the  7  and  6  phases  were  very  broad.  From  Scherrer 
X-rav  line  broadening  (Cullitv,  1956),  the  average  crystallite  size  for  the 
7  phase  was  calculated  to  be  85±10  A;  for  the  9  phase,  the  average 
crystallite  size  was  calculated  to  be  110±10  A.  These  crystallite  sizes 
are  comparable  to  the  primary  particle  size  calculated  from  the  BET  surface 
areas:  from  the  surface  area,  an  average  primary  particle  size  of  65±8  A 
was  calculated  for  powders  calcined  at  600°C;  the  calculated  value  was 
120±10  A  after  powders  had  been  calcined  at  1000°C. 
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Zirconia  powders  were  amorphous  both  as  prepared  and  after  they  had 
been  heated  to  250°C.  When  calcined  at  600°C,  the  powders  crystallized  to 
fo.m  predominately  the  metastable  tetragonal  phase  with  some  monoclinic 
phase.  After  being  heated  to  1000°C,  the  samples  were  primarily 
monoclinic,  with  some  metastable  tetragonal  phase.  X-ray  diffraction 
patterns  for  ZrO^  are  shown  in  Figure  28.  The  monoclinic  phase  is  the 
stable  phase  below  1150°C  (Subbarao,  1981),  but  a  metastable  tetragonal 
phase  is  known  to  occur  in  certain  synthesis  procedures,  including  alkoxide 
hydrolysis  and  decomposition.  Mazdiyasni ,  Lynch,  and  Smith  (1966)  and 
Yoldas  (1986a)  also  reported  the  formation  of  a  low- temperature 
amorphous/metastable  cubic  phase  in  the  uncalcined  powders.  With  X-ray 
diffraction,  no  evidence  of  formation  of  this  cubic  phase  was  observed. 

It  was  found  that  all  powders  as  prepared  were  amorphous.  After 
heating  to  600°C,  the  powders  were  crystalline.  The  crystallization 
sequences  agreed  with  others  reported  in  the  literature  for  alkoxide- 
derived  powders. 

Density  and  surface  area  measurements 

Powder  densities  and  surface  area  were  measured  as  functions  of 

calcination  temperature  for  the  aluminum,  titanium,  and  zirconium  hydrous 

oxide  powders.  The  results  are  shown  in  Figures  29  and  30.  Titanium' 

3 

hydrous  oxide  powders  had  a  density  of  2.1±0.1  g/cm  as  prepared  and  a 

2 

specific  surface  area  of  320±25  m  /g.  After  the  powders  were  heated  to 

3 

600°C,  their  density  increased  to  3.8±0.1  g/cm  and  the  surface  area 

2 

decreased  to  4-5  m  /g,  indicating  that  the  particles  were  almost  fully 

3 

dense  (density  of  anatase  -  3.84  g/cm  ,  per  Weast,  1983).  Similarly,  after 

3 

the  powders  were  heated  to  1000aC,  their  density  increased  to  4.1±0.2  g/cm 

3 

(theoretical  density  of  rutile  -  4.26  g/cm  ,  per  Weast,  1983)  and  the 
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surface  area  decreased  to  1-2  m  /g.  These  values  correspond  to  fully  dense 

particles  with  little  to  no  accessible  porosicy. 

Density  measurements  for  the  as-prepared  aluminum  hydrous  oxide 

3 

powders  showed  an  average  density  of  2.4±0.2  g/cm  .  This  corresponded  well 
with  the  reported  density  for  Al(OH)^,  2.42  g/cm^  (Weast,  1983);  weight 
loss  measurements  were  also  consistent  with  AKOH)^  formation.  The  powders 
again  densified  as  they  were  heated,  but  even  after  heating  to  1000°C  for 
2  h  (X-ray  diffraction  showed  the  powders  had  crystallized  to  the  9  phase, 
with  a  theoretical  density  of  3.56  (Gitzen,  1970)),  the  powder  density  was 
only  92%  of  theoretical.  This  incomplete  densif ication  was  reflected  in 

the  high  surface  areas:  although  the  surface  area  decreased  from  -380±20 

2  2 

m  /g  (as  prepared) ,  it  was  still  -150  m  /g  after  the  powders  had  been 

heated  to  1000°C.  This  corresponded  to  a  primary  particle  size  of  110±10  A 

and  indicated  that  the  particles  were  still  porous.  High  surface  areas 

even  after  calcining  are  characteristic  of  alumina  powders  prepared  from 

gelatinous  boehmite  (Harris  and  Sing,  1958;  Russell  and  Cochran,  1950). 

For  example,  Russell  and  Cochran  (1950)  found  that  after  heating  to  1200°C, 

2 

alumina  prepared  from  boehmite  (initial  surface  area,  340  m  /g)  still  had  a 

2 

surface  area  of  70  m  /g. 

Zirconium  hydrous  oxide  powders  followed  the  titanium  trend. 

Initially  amorphous,  they  also  had  a  high  surface  area  and  relatively  low 

density.  As  the  powders  were  heated,  the  particles  densified  with  a 

corresponding  decrease  in  surface  area.  After  calcining  at  600°C,  the 

3  2 

powders  had  a  density  of  5.26  g/cm  with  a  surface  area  of  30  m  /g,  and 

still  appeared  to  have  some  porosity.  After  calcining  at  1000°C,  the 

3 

powders  appeared  fully  dense,  with  a  density  of  5.89  g/cm  (density  of 

2 

monoclinic  Zr0o  -  5.85,  per  Veast,  1983)  and  a  surface  area  of  5-6  m  /g. 
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Composite  powders 

As  stated  earlier,  one  objective  of  reacting  emulsion  droplets  is  to 
prepare  homogeneous  mixed-oxide  particles  with  a  controlled  morphology. 

The  previous  section  showed  that  the  results  support  the  hypothesis  that 
droplets  act  as  "microreactors".  If  droplets  do  act  as  microreactors,  and 
if  we  start  with  droplets  having  a  mixed  composition,  the  resulting 
individual  particles  should  also  have  a  mixed  composition. 

Alkoxides  were  mixed  to  form  clear  solutions  with  the  alkoxides 
homogeneously  distributed  throughout  the  solutions.  Mixtures  of  Al(0-sec- 
Bu)^  with  Ti(O-Q-Bu)^  and  of  Al(0- sec -Bu) ^  with  Zr(O-n-Pr)^  had  much  higher 
viscosities  than  had  the  original  single  alkoxides.  Since  aluminum 
alkoxides  are  known  to  form  bimetallic  complexes  (Bradley,  Mehrotra,  and 
Gaur,  1978),  it  is  believed  that  the  increase  in  viscosity  was  due  to  the 
formation  or  partial  formation  of  double  alkoxides.  In  the  YCO-i-Pr)^/ 
Zr(O-n-Pr)^  case,  the  single  alkoxides  were  refluxed  using  a  procedure 
similar  to  one  described  by  Ishizawa  et  al.  (1986),  who  conjectured  that 
the  reflux  product  contained  an  Y-Zr  double  alkoxide. 

The  resulting  powders  were  inspected  by  TEM  and  SEM,  which  showed  that 
the  particles  appeared  similar  to  those  formed  from  single  alkoxides,  as 
shown  in  Figures  31  to  33.  The  particles  were  spherical,  and  the  Al-Ti 
oxide  and  Al-Zr  oxide  particles  had  approximately  the  same  size  range.  The 
Y-Zr  oxide  powders  tended  to  be  smaller,  with  a  significant  number  of 
spherical  particles  in  the  0.1-/ira  range.  TEM  inspection  of  small  Y-Zr 
particles  showed  the  particles  to  be  unevenly  dense  (Fig.  33). 

The  bulk  composition  of  the  powder  was  compared  to  that  of  the 
alkoxide  mixture  to  ensure  that  the  composition  of  the  powder  could  be 
determined  from  the  composition  of  the  alkoxide  mixture.  The  cation 
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composition  of  mixed  oxide  powders  was  measured  (by  ICP)  and  compared  to 
the  alkoxide  mixture's  composition.  Results  for  various  compositions  are 
shown  in  Table  3,  which  shows  that  the  powder  compositions  compared  closely 
(within  2  wt%)  with  their  corresponding  alkoxide  compositions.  This  was 
expected,  since  the  powder  yields  from  single  alkoxides  were  high  (>95%) 
and  almost  all  the  alkoxide  converts  to  the  solid  oxyhydroxide  form. 

Table  3.  Mixed-oxide  cation  compositions. 


Measured 

Alkoxide  solution  alkoxide  solution  Measured 

composition  composition  powder  composition 


%Al 

ill 

%Al 

ill 

Mi 

%Ti 

20.0 

80.0 

20.4 

79.6 

43.1 

56.8 

42.2 

57.8 

69.1 

30.9 

69.9 

30.0 

69.7 

30.3 

Ml 

%Zr 

Ml 

%Zr 

%Al 

%Zr 

13.9 

86.1 

15.4 

84.5 

13.7 

86.3 

32.7 

67.7 

32.2 

67.7 

58.9 

41.1 

61.1 

38  8 

59.5 

40.5 

%Y 

»Zr 

VY 

%Zr 

%Y 

%Zr 

18.2 

81.7 

30.0 

70.0 

20.0 

80.0 

* 

ICP 

analysis , 

Galbraith  Laboratories,  Knoxville, 

TN 

The  cation 

distribution  in  the 

particles  was 

also 

of  interest. 

Did 

the  powders  contain,  for  example,  some  Al^O^-rich 

and 

some  TiO^-rich 

particles,  or  did  each  particle  have 

a  homogeneous 

ly  mixed  cation 
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composition?  Cation  distributions  across  individual  particles  were 
measured  using  EDS  combined  with  STEM.  Various  points  were  measured  for 
each  particle,  and  differences  between  the  particle  edges  and  particle 
interiors  particularly  noted.  Composition  was  also  measured  as  a  function 
of  particle  diameter. 

For  Al-Ti  particles,  very  little  difference  in  composition  between  the 
edges  and  interiors  was  observed.  This  result  contrasts  with  that  obtained 
by  Ingebrethsen,  Matijevic,  and  Partch  (1983),  who  measured  the  surface 
properties  of  alkoxide-derived  Al-Ti  oxide  powders  by  electron  spectroscopy 
for  chemical  analysis  (ESCA) .  They  found  that  mixed  Al-Ti  powders  showed  a 
surface  enrichment  of  titanium.  For  the  present  work,  the  composition  of 
the  outer  shell  (not  the  surface)  was  measured,  but  there  was  no  indication 
that  the  surface  composition  differed  from  the  interior  composition.  With 
Al-Zr  powders,  EDS  indicated  that  the  particle  edges  had  a  slightly  lower 
(1-2%)  aluminum  concentration  than  had  the  particle  interiors. 

Composition  of  Al-Zr  and  Al-Ti  oxide  particles  as  a  function  of 
particle  diameter  showed  the  aluminum  concentration  to  be  lowest  for  small 
particles  (-<0.1  ,  as  shown  in  Figure  34;  it  should  be  noted  that  these 

particles  constitute  a  small  fraction  of  the  total  number  of  particles  and 
the  compositional  deviations  are  small.  At  moderate  diameters  (0.2-0. 6 
Aim),  the  aluminum  concentration  appeared  to  reach  a  constant  value. 
Composition  of  larger  particles  could  not  be  measured  because  of  thickness 
absorption  effects. 

One  explanation  for  the  lower  aluminum  concentration  in  the  Al-Ti 
particles  is  that  Al (0- sec  - Bu) ^  has  a  higher  solubility  in  propylene 
carbonate  than  has  Ti(O-n-Bu)  .  As  droplet  diameters  decrease,  the 
solubility  of  the  droplet  material  increases  due  to  the  higher  chemical 
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potential  of  small  droplets  compared  with  larger  droplets.  Table  4  shows 
the  change  in  solubility  for  AK'O-sec-Bu')  with  droplet  diameter  for  two 
typical  water/oil  interfacial  tensions  (the  interfacial  tension  for 
alkoxide  and  propylene  carbonate  was  not  known) . 


Table  4.  Change  in  Al(O-sec-Bu) ^  solubility  with  droplet  size. 


2 

7-20  ergs/cra 

Droplet  diameter  (nm) 

C  /C 
r  ® 

2 

7-40  ergs/cm 

Droplet  diameter  (/im) 

C  /C 
r  ' 

0.4 

1.02 

0.4 

1.04 

0.2 

1.04 

0.2 

1.08 

0.1 

1.08 

0.2 

1.17 

Zr(O-n-Pr)^,  however,  has  a  higher  solubility  in  propylene  carbonate  ( 

than  does  Al(O-sec-Bu) ^ .  In  this  case,  it  is  possible  that  the  aluminum 

i 

dissolved  out  of  the  particles  after  they  were  formed,  as  evidenced  by  the 
slightly  lower  aluminum  concentration  in  the  particle  edges  than  in  the 
particle  centers. 

It  was  found  that  the  composition  of  the  powder  could  be  controlled  I 

through  the  composition  of  the  starting  alkoxide  solution.  In  addition, 
individual  particles  were  shown  to  have  a  homogeneous,  mixed-cation 
composition. 

CONCLUSIONS 

To  form  emulsions  containing  alkoxide  droplets,  it  was  necessary  to 
find  immiscible  alkoxide/continuous  phase  pairs  for  which  the  continuous 
phase  was  also  unreactive  with  the  alkoxide.  Several  pairs  of  liquids  were 
found  that  met  these  criteria,  and  from  these,  propylene  carbonate  and 
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acetonitrile  were  chosen  for  further  study.  Emulsions  could  be  formed  with 
these  liquids  and  titanium,  aluminum,  and  zirconium  alkoxides.  These 
emulsions  were  easily  diluted  in  the  polar,  nonaqueous  liquid,  implying 
that  the  emulsions  contained  alkoxide  droplets  and  that  the  polar  liquid 
formed  the  continuous  phase. 

Surfactant  concentration  in  propylene  carbonate  had  little  effect  on 
emulsion  stability  or  on  the  resulting  particle  -  size  distributions 
(surfactant  concentration,  0-1  vol%)  and  was  consequently  rarely  used.  In 
acetonitrile,  an  increase  in  surfactant  (0-1  vol%)  decreased  the  particle 
size  and  concurrently  led  to  an  increase  in  the  number  of  fine  particles. 

Powder  morphology  was  found  to  be  dependent  on  the  alkoxide  solubility 

in  the  continuous  phase.  Powders  formed  from  alkoxides  with  low 

.  3 

solubilities  in  the  continuous  phase  (~<1  x  10  volume  fraction)  contained 
spherical  particles  with  diameters  between  0.2  and  2  /im.  Powders  formed 
from  alkoxides  with  high  solubilities  in  the  continuous  phase  contained  a 
mixture  of  spherical,  micrometer-diameter  particles  and  many  fine, 
agglomerated  o.  irregularly  shaped  particles.  These  fine  particles 
appeared  to  result  from  the  hydrolysis  of  alkoxide  dissolved  in  the 
continuous  phase.  Alkoxide  solubilities  were  uniformly  lower  in  propylene 
carbonate  than  in  acetonitrile,  and  correspondingly,  powders  prepared  in 
propylene  carbonate  had  fewer  fine  particles  than  had  powders  prepared  in 
acetonitrile . 

Evidence  was  found  to  support  the  hypothesis  that  each  droplet  reacts 
to  form  a  particle,  thus  determining  the  particle  shape,  size,  and 
composition.  Average  particle  diameters  compared  well  with  diameters 
predicted  from  the  emulsion  droplet  diameters,  and  predicted  particle-size 
distributions  based  on  the  droplet-size  distributions  had  approximately  the 
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same  size  and  range  as  Che  actual  corresponding  particle-size 
distributions.  The  morphology  of  powder  formed  in  a  miscible  system  (low 
alkoxide  concentration  and  high  temperature)  was  also  found  to  differ 
greatly  from  that  of  powder  formed  in  a  similar  system  in  which  immiscible 
droplets  were  reacted  (low  alkoxide  concentration  and  low  temperature). 

In  all  cases,  reaction  of  the  droplets  resulted  in  0.1-micrometer-  to 
micrometer-size  spherical  particles;  reaction  of  alkoxide  remaining  in 
solution  resulted  in  fine,  irregularly  shaped  particles. 

Particle-size  distributions  were  relatively  independent  of  alkoxide 
(droplet)  concentration  over  an  alkoxide  range  of  -1  to  20  vol%.  At  higher 
alkoxide  concentrations,  stable  emulsions  were  difficult  to  prepare.  At 
lower  alkoxide  concentrations,  the  number  of  particles  formed  from  miscible 
alkoxide  often  became  comparable  to  the  number  of  particles  formed  from 
immiscible  alkoxide. 

It  was  also  demonstrated  that  this  technique  could  be  used  to  prepare 
mixed  oxide  powders  having  an  overall  cation  composition  determined  by  the 
initial  alkoxide  cation  composition.  Individual  particles  were  also  shown 
to  have  a  uniform,  mixed  composition. 

Uncalcined  powders  were  amorphous,  with  high  surface  areas  and  low 
densities.  After  calcination,  powders  became  crystalline  and  surface  area 
decreased,  with  a  corresponding  increase  in  density.  Particles  retained 
their  spherical  shape  after  heating  (1000°C) 

Based  on  these  conclusions,  emulsion  processing  with  alkoxides  is  a 
powder-preparation  technique  that  has  potential  for  preparing  a  variety  of 
oxide  compositions,  including  complex  oxide  mixtures.  It  is  a  simple 
technique  that  appears  to  have  the  potential  to  be  easily  scaled  up.  From 
an  economic  standpoint,  because  propylene  carbonate  is  a  fairly  inexpensive 
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(and  recoverable)  solvent,  the  materials'  cost  would  be  dominated  by  the 
cost  of  the  alkoxide.  Alkoxides  are  expensive  starting  materials,  so 
powders  prepared  by  this  method  would  best  be  suited  for  high-value-added 
applications  in  which  the  benefits  of  good  chemical  homogeneity  and 
moderate  control  over  particle  size  would  outweigh  the  increased  cost  of 
the  powder. 
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Figure  1.  SEM  micrographs  of  powders  formed  from  (a)  a  Ti(O-n-Bu)^- in¬ 
acetonitrile  emulsion  and  (b)  a  Ti(O-n-Bu) ,- in-butylene  carbonate  emulsion 


(a)  (b) 


Figure  2.  SEM  micrographs  oc  powders  formed  from  (a)  a  Ti(O-n-Bu) ,  -  in¬ 
propylene  carbonate  emulsion  and  (b)  a  Ti (0 -n- Bu) ,  -  in- formamide  emulsion. 


Figure  4.  SUM  micrographs  of  powders  formed  from  (a)  Ti (O-sec-Bu)^- in¬ 
acetonitrile  and  (b)  Ti (0  -  sec  - Su)  -  in- propylene  carbonate. 
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(c) 


Figure  4.  SEM  micrograph  of  powder  formed  from  a  Ti(OEt)^- in-propylene 
carbonate  emulsion. 


Figure  5.  SEM  micrograph  of  powder  formed  from  an  emulsion  of  Ti(O-n-Bu) 
in  propylene  carbonate . 


(a) 


(b) 


Figure  7.  SEM  micrographs  of  powders  formed  from  (a)  Zr(O-n-Pr)^  (with 
n-propanol)  and  (b)  Zr(O-n-Pr)^  (with  hexane)  in  propylene  carbonate. 
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Figure  11.  Solubility  of  Ti(O-n-Bu)  in  acetonitrile  and  propylene 
carbonate  as  a  function  of  Brij®35  concentration. 
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Figure  12.  Part icle - s ize  distribution  for  powders  prepared  from  a  (a) 

0.2  vol%,  (b)  1 . 0  vol%,  and  (c)  10  vol%  Ti(O-n-Bu), - in-propvlene  carbonate 
emulsion. 
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Figure  15.  TEM  micrographs  of  "fine"  particles  formed  from  the  hydrolysis  of 
(a)  Ti(O-n-Bu)^  and  (b)  Al(O-sec-Bu) ^  (each  bar  -  2  Mm) • 


Figure  16.  SEM  micrograph  of  powder  prepared  from  a  0.2  vol%  Ti(O-n-Bu).- 
in-propylene  carbonate  emulsion  (water  added  immediately  after  formation; . 
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(a)  (b) 


Figure  17.  SEM  micrographs  of  powders  prepared  from  (a)  an  alkoxide  solution 
(T  -  ICO  C)  and  (b)  reaction  of  emulsion  droplets  (T  -  25°C) . 
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Figure  19.  Comparison  of  the  measured  particle-size  distribution  with  the 
corresponding  particle-size  distribution  as  calculated  from  the  droplet-size 
distribution. 
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Figure  20.  Comparison  of  reaction  times  for  chemical  reaction  and 
diffusion-controlled  droplet-to-particle  conversion. 
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Figure  21 .  SEIM  micrograph  of  dimpled  particles  in  powder  formed  from  a 
Ti(O-n-Bu)^- in-propylene  carbonate  emulsion. 
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(a)  (b) 

Figure  22.  Comparison  of  particle  structures  of  (a)  titanium  hvdrous  oxide 
powder  and  (b)  aluminum  hydrous  oxide  powder. 
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Thermogravimetric  analysis  of  titanium  hvdrous  oxide  powder. 
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Figure  26.  X-ray  diffraction  patterns  for  Ti02  powders  as  a  function  of 
calcination  temperature.  * 


Figure  27.  X-ray  diffraction  patterns  for  Powc*er  as  a  function  of 

calcination  temperature. 
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Figure  28.  X-ray  diffraction  patterns  for  ZrO_  powder  as  a  function  of 
calcination  temperature. 


Figure 
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29.  Surface  area  as  a  function  of  calcination  temperature  for  TiO, 
and  ZrO.  powders. 
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Figure  30.  Density  as  a  function  of  calcination  temperature  for  TiO 
Al.O..  ,  and  ZrO„  powders. 


(a) 


(b) 


Figure  31.  (a)  SEM  and  (b)  TEM  micrographs  of  powder  prepared  from  a  1:1 

volume  ratio  mixture  of  Ti(O-n-Bu),  and  Al (0- sec -Bu)  (bar  in  TEM  =■  2.0  p m) 
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Figure  34.  Aluminum  content  in  Al-Ti  and  Al-Zr  oxide  particles  as  a 
function  of  particle  size. 


PREPARATION  OF  BaTi03  AND  SrT103  USING  A  WATER-IN-OIL  EMULSION  TECHNIQUE 

Christophe  Zing 


ABSTRACT 

A  water- in-oil  emulsion  technique  was  investigated  for  preparing  SrTi03 
and  BaTi03>  In  previous  research,  precursors  for  multicomponent  oxides 
were  dissolved  in  the  dispersed  phase  of  the  emulsion.  In  this  effort, 
only  the  alkaline  earth  precursor  was  dissolved  in  the  dispersed  phase,  and 
after  emulsification,  a  titanium  alkoxide  was  added  to  the  continuous 
phase.  The  titanium  alkoxide  reacted  with  the  emulsion  droplets  to  form 
the  titanates. 


INTRODUCTION 

It  has  been  demonstrated  that  submicrometer  and  monosized  titania 
powders  sinter  better  than  powders  derived  from  classical  solid-state 
reactions  (Barringer  and  Bowen,  1982).  This  enhanced  sinterability 
provides  better  control  over  the  ceramic  microstructure  (e.g.,  density, 
unifornity,  and  grain  size).  Sintering  can  also  be  performed  at  lower 
temper itures ,  allowing  metallic  alloys  with  less  precious  metal  to  be  used 
for  cofiring.  Moreover,  in  the  case  of  titanates,  strict  control  over 
stoichiometry  (ratio  of  titanium  to  alkaline  earth)  is  important  not  only 
for  controlling  sinterability,  but  also  for  improving  dielectric 
properties . 

Novel  synthetic  techniques  such  as  synthesis  through  emulsions  can 
provide  control  over  both  morphology  and  stoichiometry  (Hardy  et  al., 

1988);  Akinc  and  Richardson,  1986).  For  example,  hydrolysis  of  alkoxides  can 
generate  oxides  of  very  high  purity,  and  emulsion  techniques  can  be  used  to 
control  morphology.  These  two  techniques  can  be  combined  to  produce 
submicrometer,  monosized,  unaggloraerated  oxide  powders  of  high  chemical 
purity  and  homogeneity.  In  such  a  method,  emulsification  of  the  reactive 
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medium  generates  spherical  "micro-reactors,"  each  of  which  leads,  ideally, 
to  a  single  particle  upon  hydrolysis. 

In  this  work,  an  aqueous  solution  of  the  inorganic  precursor  was 
emulsified  and  reacted  with  a  titanium  alkoxide  dissolved  in  the  continuous 
phase.  This  approach  was  studied  to  determine  the  versatility  of  emulsion 
techniques . 


EXPERIMENTAL  PROCEDURE 

Both  barium  and  strontium  titanates  were  prepared  by  the 
procedure  described  in  Figure  1,  using  the  reagent  quantities  given  in  Table 
1.  The  aqueous  solutions  were  prepared  with  de- ionized,  outgassed  water  and 


Table  1.  Reagent  concentrations  used  to  synthesize  BaTi03  and  SrTi03  by 
the  water- in-oil  emulsion  technique. 


Sample  # 

Reagents 

Quantity 

(mol/L) 

1 

Ba(OH)  *8H  0/Ti(0-i-Pr) 

BaCl  /fi(Oti-Pr) 

Ba(N0  )  /Ti(O-i-Pr) 

SrCl  •6H„0/Ti(0-n-Pr) 
SrCl,.6H,0/Ti(0-i-PrK 

1.80  x  10"^ 

2 

1.77  x  10, 

3 

2.50  x  10'^ 

4 

5 

1.51  x  10' r 

1.51  x  10': 

6 

SrCl, •  6H,0/Ti  (O-rj-Bu) 

1.51  x  10  1 

7 

SrCl^ • BH^O/Ti (0- 2- EtHex)^ 

1.51  x  10 

Ba(OH; j ’  BaC^,  ( NO 3)2’  or  SrC^^^O,  then  emulsified  in  a  mixture 

of  heptane  and  a  non-ionic  surfactant,  Span®80  (ICI  Americas,  Inc., 
Wilmington,  DE) .  The  composition  of  the  emulsion  was  10  vol%  aqueous 
solution/90  vol%  heptane/1.5  wt%  surfactant.  Emulsification  wi.«  performed 
with  an  Ultra-Turrax  homogenizer  (Janke  and  Kunkel  GMBH  and  Co.)  or  by 
sonication  (Model  W-220,  Heat  Systems-Ultrasonics ,  Farmingdale,  NY).  The 
resulting  emulsions  were  then  reacted  under  a  C^-free  (N2)  atmosphere  with 
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stoichioraecric  amounts  of  as-received  titanium  alkoxides:  (Ti(0-i.-Pr)^ , 
Ti(O-n-Pr)^,  Ti(O-n-Bu)^,  and  TI(0-2-EtHex)^) ,  all  obtained  from  Alfa 
Products  (Danvers,  MA) .  After  the  reaction,  ammonia  gas  was  bubbled 
through  the  reaction  medium  to  form  ammonium  chloride  or  nitrate  and  the 
alkaline  earth  hydroxide.  After  the  solutions  had  been  refluxed  to 
dehydrate  the  powders  by  azeotrope  distillation  (79°C),  the  powders  were 
collected  by  centrifugation,  washed  with  isopropanol,  and  dried  under 
vacuum  at  60°C.  An  additional  washing  with  isopropanol  was  performed  with 
a  Soxhlet  extractor.  The  powders  were  then  calcined  at  950°C  for  10  h. 

RESULTS  AND  DISCUSSION 

Figure  2  shows  the  morphologies  of  barium  titanate  powders  obtained 

(Samples  #1,  2,  and  3)  after  washing.  The  three  powders  are  characterized 

by  a  high  degree  of  agglomeration,  and  particles  are  not  spherical,  as  would 

have  been  expected  if  the  particles  had  formed  in  the  emulsion  droplets. 

The  particle-size  distributions,  as  determined  bv  centrifugal  particle-size 

analysis  (Horiba  CAPA  500,  Irvine,  CA)  and  assuming  a  density  of  6.02 
3 

g/cra  ,  revealed  that  the  powders  had  a  wide  particle -size  distribution  and 
an  average  size  of  0.65  pm  (Fig.  3).  Upon  calcination,  the  powders 
coarsened:  the  average  particle  sizes  (based  on  cross-sectional  area) 
before  calcination  were  0.65,  0.45,  and  0.55  pm  for  barium  hydroxide, 
barium  chloride,  and  barium  nitrate-derived  powders,  respectively;  after 
calcination,  the  values  were  0.67,  1.30,  and  0.80  pm,  respectively  (X-ray 
diffraction  indicated  that  all  powders  crystallized  in  the  tetragonal  form 
of  barium  titanate). 

Since  spherical  barium  titanate  particles  could  not  be  obtained,  the 
influence  of  such  parameters  as  alkaline-earth  ion  concentration,  aqueous 
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phase  pH,  and  the  composition  of  titanium  alkoxide  reacting  with  the 
emulsion  was  investigated  for  the  strontium  titanate  powder  preparation. 

In  this  case,  no  additional  washing  with  a  Soxhlet  extractor  was  performed, 
since  the  alkaline  earth  hydroxides  are  soluble  and  can  be  removed  during 
washing. 

In  reactions  of  titanium  alkoxides  with  emulsions  of  SrCl^,  gels 
formed  for  Emulsions  #4,  5,  6,  and  7  as  the  titanium  alkoxide  solutions 
were  added.  This  behavior  is  similar  to  that  observed  when  water  dissolved 
in  alcohol  is  slowly  added  to  alcoholic  solutions  of  titanium  alkoxides  to 
form  highly  cross-linked  gels.  Figure  4  shows  a  scanning  electron 
micrograph  (SEM)  of  the  product  obtained  using  Ti(O-Q-Bu)^  before  bubbling 
ammonia  gas  through  the  emulsion.  Energy  dispersive  analysis  by  X-ray 
(EDAX)  semi -quantitative  analysis  was  performed  at  different  locations  on 
the  sample.  The  rounded  particles  near  the  middle  of  the  micrograph  in 
Figure  4  were  found  to  be  ten  times  richer  in  strontium  and  chlorine  than 
the  gel -looking  material  at  the  left  side  of  the  micrograph,  which 
essentially  contained  titanium  with  minor  quantities  of  strontium  and 
chlorine. 

The  average  particle  size  of  calcined  powders  was  also  found  to  be 
smaller  when  higher-molecular-weight  alkoxides  were  used  (Figs.  5a  and  b) : 
average  particle  sizes  were  0.80,  0.70,  0.53,  and  0.51  pm  for, 
respectively,  the  Ti(O-n-Pr)^-  ,  Ti(O-i-Pr)^- ,  Ti (O-n-Bu)^ , -  and  Ti(0-2- 
EtHex)^-derived  strontium  titanate  powders.  This  result  has  been  observed 
by  Yoldas  (1986)  in  alkoxide-derived  TiOj  powders  obtained  by  calcining  the 
hydrolytic  polycondensates.  Yoldas  explained  this  observation  by  assuming 
that  the  slower  hydrolysis  and  diffusion  for  the  bulkier  alkoxides  result 
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in  lower-molecular-weight  polymeric  condensates,  and  therefore  smaller 
particles . 

Upon  calcination,  the  powders  crystallized  in  the  cubic  structure; 

X-ray  diffraction  showed  SrTiO,  to  be  the  major  phase,  with  only  TiC^  as 
a  minor  phase,  indicating  an  excess  of  titanium  in  the  products. 

Lastly,  the  particle-size  distributions  of  the  strontium  titanate 
powders  were  studied  as  a  function  of  strontium  ion  concentration  in  the 
dispersed  phase,  the  emulsions  being  reacted  with  the  corresponding 
stoichiometric  amounts  of  Ti(O-i-Pr)^;  the  aqueous  phase  content  in  the 
emulsions  was  kept  at  10  vol%.  In  Figure  6,  the  average  particle  size 
after  calcination  was  plotted  against  the  molar  concentration  of  strontium 
in  the  aqueous  phase  (molar  concentrations  in  the  total  emulsions  are  one 
tenth  of  these  values) .  Contrary  to  what  would  be  expected  if  the  amount 
of  water  were  controlling  particle  size,  the  mean  particle  size  decreased 
as  the  Sr:water  ratio  increased.  Again,  this  result  was  obtained  by  Yoldas 
(1982,  1986).  It  is  a  general  trend  in  the  hydrolysis  and  polymerization 
of  alkoxides:  the  higher  the  water :alkoxide  ratio,  the  higher  the  oxide 
content  of  the  hydrolytic  polycondensates,  and  thus  the  greater  the  particle 
radius . 

These  facts  lead  us  to  conclude  that  the  droplet-size  distribution  of 
water- in-oil  emulsions  does  not  control  powder  morphology.  In  this  case, 
the  droplets  serve  as  reservoirs  of  both  water  for  hydrolysis  and  of 
alkaline-earth  ions,  and  particle  size  is  controlled  by  the  kinetics  of 
hydrolysis  and  diffusion  of  the  titanium  species  in  the  dispersing  phase. 

SUMMARY 

The  preparation  of  barium  and  strontium  titanate  powders  through  a 
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combination  of  alkoxide  hydrolysis  and  an  emulsion  technique  has  been 
investigated.  This  method  did  not  yield  unagglomerated  BaTiO^  powders 
after  calcination;  fine,  unagglomerated,  submicrometer  SrTiO^  powders, 
however,  were  obtained. 

The  study  of  parameters  such  as  the  reactivity  of  the  titanium 
alkoxide  precursors  and  the  water : alkoxide  ratio  has  led  us  to  believe  that 
the  hydrolysis  and  condensation  reactions  of  the  alkoxides  were  occurring 
in  the  dispersing  phase,  and,  accordingly,  the  morphology  of  the  as- 
prepared  powders  could  not  be  controlled  by  the  size  of  the  aqueous 
droplets . 

As  the  mechanism  for  (Sr,Ba) -Ti -oxy -hydroxide  formation  in  this 
dispersed  system  seems  very  similar  to  that  in  non-dispersed  systems,  the 
potential  offered  by  the  former  medium  to  slow  hydrolysis  and  alkoxide 
condensation  or  to  react  with  species  that  do  not  dissolve  in  the  same 
solvent  has  yet  to  be  addressed  in  ceramic  powder  synthesis. 
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Figure  1.  Flow  diagram  of 
powder  preparation  method. 


Figure  2.  SEMs  of  barium  titanate 
powder  obtained  from  a)  Sample  1. 
b l  Sample  2,  and  c)  Sample  3. 
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Figure  5.  SEMs  of  strontium  titanate  powder  obtained  from  a)  Ti(O-n-Pr) 

and  b)  Ti (0 - 2 - E tHex ) ,  . 
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SYNTHESIS  OF  AIN  POWDER  FROM  DIMETHYLAMINOALANE 

Mari-  Ann  Einarsrud 


ABSTRACT 

Two  precursors  for  aluminum  nitride  have  been  syn¬ 
thesized  from  dimethylaminoalane  and  ammonia  in 
hydrocarbon  solutions,  using  different  reaction  routes  in 
order  to  try  to  control  the  powder  morphology.  Both 
precursors  gave  very  fine,  agglomerated,  high-purity 
AIN  powders  after  heat-treatment.  A  crystalline  powder 
having  a  large  surface  area  was  formed  at  100(fC.  At 
1500°C  the  surface  area  decreased  to  -10%  of  the  value 
at  1000°C  and  coarsening  was  observed.  At  160(fC  the 
surface  area  decreased  further  and  densification  oc¬ 
curred.  A  sample  formed  by  colloidal  pressing  densified 
to  95%  of  theoretical  density  at  1750°C. 


INTRODUCTION 

Aluminum  nitride  (AIN)  has  potential  application  as 
an  electronic  substrate  material  for  high-power,  high- 
density  electronic  circuits  because  of  its  high  theoretical 
thermal  conductivity  (330  W/mK)  (Slack,  1973).  The 
thermal  conductivity  decreases,  however,  if  oxide  im¬ 
purities  are  present  in  the  ceramics  (Slack,  1973),  so  a 
ceramic  powder  of  high  purity  is  desired.  The  commer¬ 
cial  procedures  for  preparing  AIN  powder  involve  the 
carbo thermal  reduction  of  alumina  in  the  presence  of 
nitrogen  (Ste  d’Electrochimie,  1957)  or  the  reaction  of 
aluminum  with  either  ammonia  or  nitrogen  (Samsonov 
and  Dubovik,  1962;  Yamashita  et  al.,  1986).  The  pow¬ 
ders  produced  by  these  methods  often  contain  high  con¬ 
centrations  of  oxygen  and  other  impurities  and  are  grey 
in  color. 

Several  other  chemical  synthesis  routes  have  been  in¬ 
vestigated  in  the  literature  to  produce  high-purity  AIN 
powder.  For  example,  AIN  can  be  prepared  by  reacting 
ammonia  with  either  AlCb  (Lewis,  1970)or(NH3)$AlF6 
<Huseby,  1983),  though  these  reactions  require  high 
tem^-ratures  and  yield  highly  corrosive  byproducts. 

Several  u’her  researchers  have  alternatively 
proposed  an  organoJuminum  compound  as  a  good  start¬ 
ing  material  for  synthesizing  AIN  powder.  Interante  et 
al.  (1986)  reacted  triethylaluminum  with  ammonia  to 
form  a  precursor  of  high-purity  AIN  powder.  Thermal 
decomposition  of  this  precursor  can  lead  to  carbon  con¬ 
tamination  of  the  final  product  Bolt  and  Tebbe  (1987) 
also  used  u':thy  (aluminum  as  a  starting  material  to  syn¬ 
thesize  a  thermoplastic  precursor  of  AIN.  This  precursor 
could  be  drawn  into  fibers  that  densified  between 


1600°C  and  1800°C  without  the  use  of  sintering  addi¬ 
tives. 

Wiberg  and  May  (1955)  reported  that  AIH3  reacts 
with  ammonia  in  THF  solution  to  form  various  com¬ 
pounds  in  which  amino  or  imido  groups  replace  one  or 
more  hydrogens  in  AIH3.  These  compounds  were  shown 
to  release  NH3  or  H2  upon  heating  and  approach  the 
stoichiometry  of  AIN.  However,  these  researchers  did 
not  describe  the  conditions  required  to  form  AIN.  Maya 
(1986)  investigated  these  reactions,  reacting  A1H3-  EteO 
with  NH3  to  form  a  product  with  the  empirical  formula 
[Al(NH2)NH]n,  and  converting  this  intermediate  product 
into  AIN.  Ochi,  Rhine,  and  Bowen  (1988)  studied  the 
reaction  between  AIH3  and  NH3  in  a  tetrahydrofuran 
(THF)  solution.  When  excess  NH3  was  used,  a  white, 
high-purity  AIN  powder  was  obtained;  when  a 
stoichiometric  amount  of  NH3  was  used,  however,  the 
synthesized  AIN  contained  a  carbon  residue,  probably 
due  to  THF  decomposition  during  heat-treatment 
through  association  with  the  precursor. 

Preparation  of  AIN  powder  by  a  vapor-phase  reaction 
of  the  AI(j-Bu)3-NH3  system  has  also  been  investigated, 
using  a  ‘flow’  method  (Tsuchida  et  al.,  1987);  particle 
size  varied  with  the  reaction  temperature  used.  The  as- 
synthesized  powder,  however,  contained  18.8  wt% 
oxygen,  an  amount  that  could  be  decreased  to  4.5  wt% 
by  heat-treatment  in  a  H2-NH3  gas  mixture  at  1400°C  for 
2  h. 

Sekercioglu  (1986)  has  submitted  a  patent  applica¬ 
tion  for  a  process  by  which  AIN  can  be  produced  by 
reacting  aluminum  sulfide  with  either  ammonia  or 
nitrogen  and  hydrogen  at  a  temperature  above  1100°C. 
The  powder  product  may  contain  4.5  - 1 1 .2  wt%  oxygen, 
but  Sekercioglu ’s  analyses  suggest  that  most  of  this 
oxygen  resides  on  the  powder  surface. 

In  the  present  study,  HzAlNMe2  was  investigated  as 
a  starting  material  for  synthesizing  a  precursor  for  AIN 
powder.  The  compound  HzAlNMe2  is  soluble  in 
hydrocarbons,  which  should  facilitate  solvent  removal. 
Two  synthesis  routes  were  tried,  in  efforts  to  control  the 
morphology  of  the  powder  produced. 

EXPERIMENTAL 

Due  to  the  reactivity  of  aluminum  hydride  com¬ 
pounds  with  oxygen  and/or  moisture,  handling  of  the 
chemicals  and  all  the  experimental  work  were  performed 
in  an  inert  atmosphere  or  under  vacuum. 
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Dimethylamine  hydrochloride,  HNMe2-HCI 
(Aldrich  Chemical  Company,  Milwaukee,  WI,  98%; 
dried  under  vacuum  at  room  temperature  for  24  h),  was 
reacted  with  excess  LLAIH4  (Alfa  Products,  Danvers, 
MA;  1 J-M  solution  in  THF,  used  as  received)  in  1 50  ml 
of  THF  according  to  the  following  equation: 

LLAIH4  +  HNMe2-HCl  -*  HzAlNMe2  +  LiCl  +  2H2  (1) 

Due  to  vigorous  gas  evolution,  the  solid  dimethylamine 
hydrochloride  had  to  be  added  slowly  to  the  THF  solu¬ 
tion.  The  resulting  solution  was  filtered  and  the  solvent 
removed  under  vacuum.  The  H2AlNMe2  sublimed  easi¬ 
ly  at  50-60°C  (-70°C  at  the  cold  spot);  the  product  was 
sublimed  twice  to  give  a  total  yield  of  77%. 

The  reaction  scheme  below  was  used  to  synthesize 
AIN  powder.  This  paper  discusses  AIN  powder  produc¬ 
tion  following  the  two  synthesis  routes  shown  in  Table  1 . 

H2A1NMC2  +  nNH3  — »  precursor  — »  AIN  +  gaseous 

byproducts  (2) 

AIN  via  Precursor  I 

H2A1NMC2  (3.6  g)  was  dissolved  in  toluene  and 
reacted  with  excess  NH3  at  -70°C.  At  this  temperature, 
ammonia  condensed  into  the  reaction  flask.  Upon  heat¬ 
ing,  gas  evolved,  beginning  at  -60°C,  and  a  voluminous 
white  precipitate  formed.  The  solvent  was  removed 
under  vacuum  at  room  temperature.  The  precipitate 
(Precursor  I)  was  placed  in  an  alumina  or  molybdenum 
boat  and  heat-treated  for  2  h  under  nitrogen  at  a  rate  of 
lOK/min  to  various  selected  temperatures  to  form  AIN. 
This  same  synthesis  was  also  performed  in  a  hexane  solu¬ 
tion  instead  of  toluene,  but  the  change  in  solvent  did  not 
affect  the  morphology  of  the  powder  produced. 

AIN  via  Precursor  II 

In  the  second  synthesis,  H2AlNMe2  (3.6  g)  was  dis¬ 
solved  in  150  ml  hexane,  and  this  solution  was  reacted 
with  a  slight  excess  of  ammonia  at  room  temperature. 
The  reaction  took  place  at  the  interface  between  the  solu¬ 
tion  and  the  gas  phase  as  ammonia  flowed  over  the  solu¬ 
tion.  A  white  layer  formed  on  the  solution  surface  and 
the  powder  gradually  sank  to  the  bottom  of  the  flask;  gas 
evolved  from  the  product  at  the  bottom  of  the  reaction 
flask.  The  solvent  was  removed  under  vacuum  and  a 
white  precipitate  obtained.  The  precipitate  (Precursor  II) 
was  pyrolyzed  under  ammonia  at  temperatures  up  to 
200°C,  then  heat-treated  under  nitrogen  to  1000°C. 

Powder  Characterization 

Fourier  transform  infrared  (K1IK)  spectra  were 
recorded  using  a  closed  diffuse-reflectance  ceil  with  KBr 
windows  (IR44,  IBM  Instruments,  Danbury,  CT).  Sur¬ 
face  areas  of  the  powders  obtained  by  both  synthesis 
routes  were  measured  by  the  one-point  BET  method 
using  N2  gas  (Quantachrome,  Sycsset,  NY).  X-ray  dif¬ 


fraction  (XRD)  patterns  were  measured  using  Cu  Ka 
radiation  (RU300,  Rotaflex,  Rigaku/US  A,  Inc.,  Danvers, 
MA).  The  powder  morphologies  were  studied  by  scan¬ 
ning  electron  microscopy  (SEM)  (S-530,  Hitachi  Scien¬ 
tific  Instruments,  Rockville,  MD)  and  the  particle-size 
distribution  was  measured  using  a  centrifugal  particle- 
size  distribution  analyzer  (CAPA-500,  Horiba  Instru¬ 
ments,  Irvine,  CA).  Chemical  analyses  were  performed 
by  commercial  laboratories  (Galbraith  Laboratories, 
Inc.,  Knoxville,  TN,  and  IRT  Corporation,  San  Diego, 
CA). 

Sintering 

Colloidal  pressing  produced  green  compacts  with 
higher  green  densities  than  were  obtained  by  dry  press¬ 
ing.  The  AIN  powder  was  dispersed  in  a  hexane  solution 
using  4  wt%  OLOA™1200  (Chevron  Chemical  Com¬ 
pany,  San  Francisco,  CA)  as  the  dispersant.  The  result¬ 
ing  AIN  compact  was  pressed  at  10  000  psi  and  sintered 
under  1  atm  nitrogen  in  a  molybdenum  crucible  at  1700- 
1800°C.  Final  density  was  measured  using  Archimedes* 
method. 

RESULTS  AND  DISCUSSION 

Precursor  Characterization 

The  FTIR  spectra  obtained  for  Precursors  I  and  II 
after  pyrolysis  under  ammonia  are  shown  in  Figure  1. 
The  broad  band  at  -750  cm'1  is  due  to  Al-N  stretching 
vibrations;  the  broad  bands  in  the  region  3000- 
3300  cm'1  are  due  to  N-H  stretching  vibrations;  the  band 
at  -1800  cm'1  is  due  to  Al-H  stretching  vibrations;  and 
the  rather  sharp  bands  in  the  region  1500-1600  cm'1 
are  N-H  bending  modes.  For  Precursors  I  and  II  after 
pyrolysis  under  ammonia,  no  absorption  is  apparent  in 
the  AJ-H  stretching  region  (1700-1800  cm'1)  and  only 
weak  features  can  be  detected  in  the  C-H  stretching 
region  (2850-3050  cm1).  From  these  observations,  we 
conclude  that  both  hydrogens  and  almost  all  of  the  NMe2 
groups  on  the  aluminum  atom  of  the  starting  compound 
must  have  been  replaced  by  ammonia,  and  that  both 
precursors  were  probably  an  imide-amide, 
[AlNH(NH2)]n.  Maya  (1986)  also  observed  absorption 
bands  at  the  frequencies  3200, 1505, 900,  and  680  cm'1 
for  a  precursor  with  empirical  formula  A1(NH)  (NH2)]n. 

Also  included  in  Figure  1  is  an  FTIR  spectrum  of 
Precursor  II  before  pyrolysis  under  ammonia.  The 
spectrum  shows  a  broad  band  at  -3200  cm'1  due  to  N-H 
stretching  vibrations,  bands  at  -2900  cm'1  due  to  C-H 
stretching  vibrations,  a  band  at  -1800  cm'1  due  to  Al-H 
stretching  vibrations,  and  the  broad  feature  below  1000 
cm'1  due  to  Al-N  stretching  vibrations.  The  bands  be¬ 
tween  1200  and  1600  cm'1  are  probably  C-H  and  N-H 
bending  modes.  This  spectrum  suggests  that  the  precur¬ 
sor  is  H(NH2)A1NMC2. 
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Characterization  of  AIN  Powders 

The  AIN  powders  derived  from  heat-treatment  of  the 
two  precursors  were  white  or  slightly  grey.  Chemical 
analysis  of  AIN  obtained  from  Precursor  I  calcined  at 
1200°C  showed  it  to  contain  33.10%  nitrogen  and 
65.24%  aluminum  (theoretical:  34.17%  N,  65.83%  Al), 
which  gives  an  Al/N  ratio  of  1 .02.  The  sample  contained 
0347±0.022  wt%  oxygen  (neutron  activation  analysis); 
the  oxygen  source  was  presumably  the  atmosphere 
during  heat-treatment  of  the  precursor. 

Figure  2  shows  the  development  of  X-ray  diffraction 
patterns  of  the  AIN  powder  derived  from  Precursor  I  after 
heat-treatment  at  1000,  1200,  and  1500°C.  At  1000°C 
the  AIN  peaks  are  broad,  but  at  higher  temperatures  the 
intensity  increases  and  the  peaks  sharpen.  At  the  lowest 
temperatures,  the  (101)  peak  at  20  =  37.3°  has  a  lower 
intensity  than  the  (002)  peak  at  35.4°,  but  at  1500°C  this 
ratio  changes  and  is  in  agreement  with  liter  ure  data 
(American  Society  for  Testing  and  Materials).  The  FTTR 
spectrum  of  a  sample  calcined  at  1000°C  showed  a  weak 
N-H  stretching  band  at  3200  cm'1,  indicating  a  small 
amount  of  hydrogen  still  present  in  the  AIN  produced  at 
this  temperature.  No  N-H  stretching  band  was  observed 
for  powders  heat-treated  at  higher  temperatures. 
Hydrogen  in  the  AIN  lattice  might  cause  the  change  in 
the  observed  intensity  ratio  in  the  XRD  pattern.  Figure  3 
shows  the  XRD  pattern  of  AIN  powder  produced  from 
Precursor  II;  the  same  pattern  was  observed  for  AIN 
produced  from  Precursor  I  at  the  same  temperature. 

The  surface  areas  of  powders  obtained  from  Precur¬ 
sor  I  when  calcined  at  different  temperatures  are  given 
in  Figure  4.  At  1000°C,  the  surface  area  was  rather  high 
(118  m2/g),  indicating  high  reactivity  of  the  powder,  the 
surface  area  decreased  to  1.3  m2/g  at  1600°C.  The  sur¬ 
face  area  of  an  AIN  powder  obtained  from  Precursor  II, 
when  calcined  at  1000°C,  was  measured  to  be  109  m2/g, 
slightly  lower  than  that  of  the  powder  obtained  from 
Precursor  I. 

Heat-treating  Precursor  II  at  1200°C  in  a  nitrogen  at¬ 
mosphere  without  pyrolysis  under  ammonia  yielded  a 
black  product  The  XRD  pattern  confirmed  that  the 
product  was  AIN  and  that  the  black  color  was  probably 
due  to  carbon  residue  from  the  pyrolysis.  Chemical 
analysis  showed  9.95%  carbon  in  the  AIN  produced  and 
an  Al/N  ratio  of  0.99.  The  relatively  large  amount  of 
carbon  after  heat-treatment  shows  that  pyrolysis  under 
ammonia  at  low  temperatures  is  necessary.  The  action  of 
carbon  as  a  scavenger  of  oxygen  in  conventional  AIN 
powder  processing  is  suggested  by  its  inclusion  in  sinter¬ 
ing  additives  (Huseby  and  Bobik,  1986).  By  partial 
pyrolysis  of  Precursor  II  under  ammonia  followed  by 
heat-treatment  under  nitrogen,  an  AIN  powder  with  a 


desired  percentage  of  carbon  could  perhaps  be  syn¬ 
thesized. 

Figures  5a-b  show  scanning  electron  micrographs 
(SEMs)  of  the  AIN  powders  obtained  from  Precursors  I 
and  n,  respectively,  after  calcination  to  1000°C.  The 
powders  produced  at  1000°C  consisted  of  very  fine,  ag¬ 
glomerated  particles.  From  the  SEMs,  the  particle  size 
can  be  estimated  to  be  less  than  0. 1  pm.  The  particle-size 
distribution  (as  measured  by  the  centrifugal  method)  of 
dispersed  (4  wt%  OLO A™  1 200/hexane)  AIN  powder 
synthesized  from  Precursor  I  is  shown  in  Figure  6.  The 
results  show  an  average  agglomerate  size  of  -0.40  pm. 

Sintering  behavior 

Heat-treatment  to  1500°C  of  the  powder  produced 
from  Precursor  I  coarsened  the  particles.  At  this  tempera¬ 
ture,  the  surface  area  was  about  10%  of  its  value  after 
calcination  at  1000°C.  At  1600°C,  the  surface  area  had 
decreased  to  1.3  m2/g  and  sintering  was  observed.  In 
some  samples,  only  partial  sintering  was  observed:  some 
sections  were  almost  100%  dense,  others  were  more 
porous.  This  variability  in  sintering  may  be  due  to  dif¬ 
ferences  in  impurities  and  oxygen  content,  a  suggestion 
offered  by  other  authors  (Bolt  and  Tebbe,  1987). 

Dry-pressing  the  powder  (10000  psi)  gave  a  very  low 
green  density  and  a  final  density  only  67%  of  theoreti¬ 
cal.  Colloidal  pressing  produced  a  higher-density  green 
compact  that  sintered  to  an  average  of  95%  of  theoreti¬ 
cal  without  the  use  of  sintering  aids. 

Scanning  election  microscopy  of  the  section  of  this 
sample  that  was  topmost  during  sintering  showed  it  to  be 
almost  100%  dense  (Fig.  7a).  The  average  grain  size  was 
1 .5  pm,  with  only  a  few  pores  apparent  in  the  microstruc¬ 
ture.  This  part  of  the  sample,  -100%  of  the  theoretical 
density,  was  slightly  grey  in  color.  The  bottom  section 
of  the  sample  during  sintering  was  porous  (Fig.  7b).  The 
difference  in  density  might  be  an  artifact  of  the  colloidal 
pressing,  producing  different  green  densities  in  the  two 
sections  of  the  sample. 

CONCLUSIONS 

•  Two  precursors  for  AIN  have  been  synthesized 
from  H2AlNMe2  and  NHt  in  a  hydrocarbon 
solution. 

•  Upon  pyrolysis  under  NH3  and/or  N2,  high- 
purity  AIN  powder  has  been  formed. 

•  The  powder  has  a  high  surface  area  at  low  cal¬ 
cination  temperatures  (1000°Q  and  consists  of 
very  fine  (0.1 -pm)  particles. 

•  From  1000°C  to  1500°C,  the  surface  area 
decreases  almost  linearly  with  the  temperature. 


86 


M-A.  Einarsrud 


AIN  Powder  from  Dimetkylaminoalane 


and  at  1500°C  particle  coarsening  occurs. 

•  At  1600°C,  the  surface  area  decreases  to  13 
m  /g  and  sintering  occurs.  Partial  sintering  has 
been  observed  in  which  some  sections  of 
samples  were  almost  100%  dense  while  other 
sections  were  more  porous. 

*  A  sample  formed  by  colloidal  pressing  sintered 
to  an  average  density  of  95%  of  theoretical 
without  the  use  of  sintering  aids. 
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Figure  1.  FTIR  diffuse  reflectance  spectra  of  the  inter¬ 
mediate  compounds  (AIN  precursors):  a)  Precursor  I,  b) 
Precursor  II  before  pyrolysis  under  ammonia,  and  c) 
Precursor  II  after  pyrolysis  under  ammonia. 


Figure  3.  XRD  pattern  of  AIN  powder  prepared  from 
Precursor  n  after  pyrolysis  under  ammonia  to  200°C  and 
subsequent  heat  treatment  under  nitrogen  to  1000°C. 


Figure  2.  XRD  patterns  of  AIN  powder  prepared  from 
Precursor  I  and  heat-treated  at  a)  1000°C,  b)  1200°C,  and 
c)  I500°C. 
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Figure  4.  Surface  areas  of  AIN  powders  prepared  from 
Precursor  I. 
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Figure  5.  Scanning  electron  micrographs  of  AIN  powder  produced  at  1000°C  from  a)  Precursor  I  and  b)  Precur¬ 
sor  II. 
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Figure  6.  Particle-size  distribution  of  AIN  powder  synthesized  from  Precursor  I  dispersed  in  4  wt%  OLOA™ 
1200/hcxane,  to  a)  1.0  pm  and  b)  5.0  pm. 
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Ki<pir»  7.  Scannir, :  electron  micrographs  of  the  fracture  surfaces  of  an  AIN  compact  prepared  by  colloidal  press¬ 
ing  and  sintered  at  I750'’C:  a)  topmost  section  and  b)  bottom-most  section  during  sintering. 
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ABSTRACT 

A  ceramics  processing  Cechnique  based  on  precipitating  polymer-powder 
floes  from  polymer -powder -solvent  dispersions  by  adding  a  nonsolvent  for 
the  polymer  was  developed.  The  floe -formation  mechanism  and  floe -character 
dependence  on  processing  variables  were  Investigated. 

Precipitating  alumina-polyvinyl  alcohol  floes  from  polyvinyl  alcohol 
solutions  containing  alumina  powder  by  adding  acetone  requires  polymer 
adsorption  onto  the  powder  surface.  Precipitation  occurs  by  the 
synergistic  interaction  of  polyvinyl  alcohol  with  acetone,  and  is  fully 
reversible  by  acetone  removal.  Floe  texture  is  unrelated  to  absolute 
loading  levels  of  polymer  and  powder,  but  related  to  their  ratio. 


INTRODUCTION 

A  novel  technique  for  producing  highly  homogeneous  ceramic  composites 
1  2 

has  been  developed.  *  It  involves  dispersing  two  or  more  ceramic  powders 
in  a  dilute  polymer  solution  and  precipitating  powder-polymer  floes  from 
this  dispersion  by  adding  a  second  solvent  (fully  miscible  with  the  first) 
in  which  the  polymer  is  insoluble.  The  floes  are  processed  using  wet 
forming  techniques  to  yield  high-density,  homogeneous  green  bodies  that  can 
be  fired  to  dense  ceramic  bodies  with  excellent  properties. 

This  technique  appears  to  have  general  applicability,  although 
experimental  details  have  been  investigated  for  only  one  system  so  far. 
Dispersions  consisting  of  both  alumina  and  zirconia  powders  in  dilute 
solutions  of  polyvinyl  alcohol  in  water  were  precipitated  by  adding 
acetone.  This  system  was  chosen  for  two  reasons:  First,  alumina- zirconia 
composites  are  commercially  important  for  such  valuable  properties  as  high 
fracture  toughness,  low  wear  rate,  and  strength  at  relatively  high 
temperatures.  Second,  the  solvents  and  polymer  used  are  safe  and 
inexpensive.  A  nonaqueous  analogue  of  this  technique  was  also  developed. 
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This  paper  offers  a  mechanistic  explanation  of  this  technique, 
developed  during  the  course  of  an  experimental  study  of  the  interactions  of 
the  reagents  in  the  dispersions.  Numerous  physical-chemical  interactions 
may  be  important  --  for  example,  the  pairwise  interactions  between  ZrO^, 
A^Oj,  polyvinyl  alcohol,  water,  and  acetone. 

LITERATURE  REVIEW 

Polymer-Solvent-Nonsolvent  Phase  Equilibria 

A  schematic  ternary  phase  diagram  for  a  polymer-solvent-nonsolvent 
system  is  shown  in  Figure  1.  Such  phase  diagrams  typically  have  a  single¬ 
phase  region  and  a  two-phase  region  separated  by  a  "binodal  curve".  The 
two-phase  region  is  spanned  by  "tie-lines"  --  lines  connecting  the  dilute 
and  concentrated  phases  in  thermodynamic  equilibrium  with  each  other.  The 
critical  point  of  the  binodal  curve  is  the  point  at  which  the  length  of  the 
tie- line  in  the  two-phase  region  becomes  zero.  If  the  binodal  curve  is 
crossed  from  the  single-phase  side  at  the  critical  point,  the  homogeneous 
polymer  solution  separates  into  two  phases  of  incrementally  different 
polymer  concentration.  If  the  binodal  curve  is  crossed  elsewhere,  the 

polymer  concentration  difference  between  the  two  phases  will  be 
i  3,4 

macroscopic . 

The  ternary  solvent-nonsolvent-polymer  system  should  not  be  viewed  as 

a  binary  mixture  of  a  single  (two -component)  solvent  and  a  polymer.  If  the 

system  phase-separates,  the  solvent  mixture  will  generally  differ  in  the 
3 

two  phases . 

Phase  Separation  of  Polyvinyl  Alcohol 

Polyvinyl  alcohol  solutions  can  be  phase -separated  by  a  couple  of 
methods,  one  of  which  involves  changing  the  solution  temperature^:  For 
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example,  hot  concentrated  solutions  of  polyvinyl  alcohol  in  a  solvent  or 

solvent  mixture  can  phase -separate  upon  cooling  (this  phenomenon  serves  as 

9 

the  basis  for  one  technique  for  spinning  polyvinyl  alcohol  fibers  ) . 

Polyvinyl  alcohol  solutions  can  also  be  phase-separated  by  adding 
6  7  8 

acetone  ’  or  congo  red.  Polyvinyl  alcohol  has  been  purified  by 
repeatedly  putting  it  into  solution  and  precipitating  with  acetone. ^ 


Adsorption  of  Polyvinyl  Alcohol 

A  number  of  authors^  ^  have  investigated  the  adsorption  of  polyvinyl 
alcohol  onto  oxide  ceramics.  There  is  wide  agreement  that  the  pH  of  the 
polymer  solution  significantly  affects  the  adsorption  behavior,  with 
maximum  adsorption  often  occurring  at  the  point  of  zero  charge  on  the 
oxide. ^  ^  Adsorption  of  polyvinyl  alcohol  onto  oxide  surfaces  is  thought 
to  involve  not  only  hydrogen  bonding, ^ ^  ^  but  also  donor-acceptor 
bonding,  with  surface-layer  electron-acceptor  levels  in  metal  oxides  taking 
on  electrons . ^ ^  Hydrogen  bonding  dominates  for  high- isoelectric -point 

oxides;  donor-acceptor  bonding  dominates  for  low- isoelectric-point 

«  .  16 
oxides . 


Polyvinyl  alcohol  is  thought  not  to  attach  directly  to  oxide  particle 

surfaces,  but  rather  to  form  a  bond  through  "bridge"  water.  Water 

layer  thickness  increases  with  increasing  isoelectric  point  of  the  oxide 

powder^;  highly  hydrophilic  powder  surfaces  may  be  inaccessible  to 

macromolecules . ^  Polyvinyl  alcohol  adsorption  causes  a  large  drop  in 

electrophoretic  mobility  as  adsorption  increases  because  of  Stern  layer 
19 

displacement.  The  electrokinetic  potential  is  found  to  increase  with 
adsorption  for  small  polymer  concentrations,  due  to  the  potential 
established  across  the  adsorbed  layer  by  the  oriented  adsorption  of  polar 
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groups,  before  dropping  at  higher  concentrations  as  the  Stern  plane  is 

displaced. ^  High  adsorption  of  polyvinyl  alcohol  onto  hydrated  aluminum 

19 

oxide  is  attributed  to  the  low  free  energy  of  adsorption. 

Phase  Separation  of  Particle-Containing  Polymer  Solutions 

20  21 

Although  studies  of  polymer  adsorption  onto  powder  particles  ’  ,  and 

21 

of  phase -separation  of  polymers  from  sterically  stabilized  dispersions 

have  been  reported,  very  little  has  been  written  about  the  phase  separation 

of  polymers  from  electrostatically  stabilized  dispersions.  This  subject 

is,  however,  central  to  the  work  reported  here. 

When  silica  and  polyvinyl  alcohol  are  present  in  a  certain  fixed  ratio 

in  aqueous  dispersion  at  low  pH,  phase  separation  can  take  place,  giving  a 

viscous  phase  enriched  in  polyvinyl  alcohol  and  silica,  and  a  supernatant 

22  22 

deficient  in  both.  According  to  Her,  the  SiO^-rich  phase  contains 
silica  particles  coated  with  a  monomolecular  layer  of  polyvinyl  alcohol; 
the  hydrophilic  s ilanol  sites  are  saturated  by  hydrogen  bonding  to  hydroxyl 
groups  of  the  polyvinyl  alcohol,  exposing  the  hydrocarbon  backbone  of  the 
polyvinyl  alcohol  to  the  solvent.  The  resulting  hydrophobic  particle 
coating  causes  phase  separation. 

ADSORPTION  ISOTHERM 
Experimental  Procedure 

The  adsorption  isotherm  of  polyvinyl  alcohol  onto  Sumitomo  AKP-HP 

alumina  (Sumitomo  Chemical  America,  345  Park  Ave. ,  14th  Floor,  New  York,  NY 

10154)  was  measured  in  the  following  way.  A  0.667  wt%  stock  solution  of 

polyvinyl  alcohol  in  water  was  heated  to  80°C  and  held  for  0.5  h.  It  was 

then  cooled  to  room  temperature  and  used  within  24  h,  since  the  properties 

23-25 

of  polyvinyl  alcohol  solutions  change  over  time.  Solutions  containing 
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0,  12.5,  25,  50,  100,  or  200  mg  polyvinyl  alcohol  per  liter  of  deionized 

water  were  made  by  diluting  the  stock  solution.  To  250  ml  of  each  polymer 

2 

solution  was  added  1.165  g  of  alumina  powder  (surface  area,  6.25  m  )  and 
5  drops  (0.2  ml)  of  concentrated  nitric  acid  to  bring  the  pH  down  to  2-3. 

The  resulting  slurries  were  ultrasonically  agitated  (Model  W-220F 
Sonicator  Cell  Disruptor  with  a  0 . 5-inch -diameter  titanium  tip,  Heat 
Systems  Ultrasonics,  Inc.,  1938  New  Highway,  Farmingdale,  NY  11735)  in 
250-ml  polypropylene  bottles  at  a  power  level  of  50  W  for  2  min.  Following 
ultrasonic  agitation,  the  plastic  bottles  were  sealed.  The  bottles  were 
tumbled  for  >48  h  to  equilibrate  the  polymer  solutions  with  the  powder 
surfaces.  Approximately  40  ml  of  the  sample  slurries  were  centrifuged  and 
their  supernatants  poured  off.  Forty  milliliters  of  acidified  water  was 
then  added  to  each  sample  to  replace  the  supernatant,  and  the  centrifuge 
cakes  were  ultrasonically  dispersed.  This  "washing"  process  was  performed 
twice  before  final  centrifugation.  Separate  experiments  confirmed  that  two 
washings  were  sufficient  to  remove  essentially  all  polymer  from  solution. 
After  the  final  washing,  the  supernatant  in  each  sample  was  poured  off  and 
the  centrifuge  cake  dried  at  60-80°C  in  laboratory  air. 

The  weight  loss  of  each  sample  was  characterized  using  a 
thermogravimetric  analyzer  (Perkin- Elmer  TGA  7  Thermogravimetric  Analyzer, 
Perkin-Elmer  Corp.,  Main  Ave . ,  Norwalk,  CT  06856).  Water-washed,  oven- 
dried  alumina  was  also  characterized  in  this  way,  to  allow  subtraction  of 
weight  loss  unrelated  to  polymer  burnout. 

Results  and  Discussion 

The  calculated  adsorption  densities,  based  on  the  corrected  weight 
losses  and  the  BET  surface  area  of  the  alumina  powder,  are  shown  in 
Figure  2.  The  error  bars  in  Figure  2  represent  the  maximum  range  of  values 
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expected  for  a  minimum  sample  weight  of  50  mg  and  a  maximum  sample- to- 
sample  random  error  in  weight  loss  of  10  /ig.  The  latter  value  is  based  on 
the  variation  in  results  obtained  from  thermogravimetric  analysis  runs  made 
with  an  empty  sample  pan. 

The  area  of  an  adsorbed  vinyl  alcohol  segment  is  assumed  to  be 
2  26 

0.285  nm  (after  Tadros  ).  Then  the  measured  extent  of  polyvinyl  alcohol 

adsorption  from  a  solution  with  a  concentration  of  200  mg/L,  namely 
2 

0.215  mg/m  ,  leads  to  a  calculated  alumina  surface  coverage  of  0.838 
monolayer.  This  calculated  surface  coverage  agrees  with  the  results  of  an 
earlier  study,  which  indicated  that  polyvinyl  alcohol  covers  alumina  to  the 
extent  of  one  monolayer. ^ 

EFFECT  OF  SOLUTION  CHEMISTRY  ON  APPARENT  PARTICLE  SIZE 
Procedure 

To  quantitatively  determine  the  effect  of  polyvinyl  alcohol,  acetone, 
and  polyvinyl  alcohol  plus  acetone  on  aqueous  dispersions  of  the  three 
ceramic  powders  used  to  produce  alumina-zirconia-yttria  composite  ceramics 
using  this  nonsolvent  flocculation  technique  (Sumitomo  AKP-HP  alumina,  Toyo 
Soda  TZ-0  zirconia,  and  Toyo  Soda  TZ-3Y  zirconia-yttria  (Toyo  Soda  USA, 

1700  Water  Place,  Atlanta,  GA  30339)),  photon  correlation  particle-size 
studies  were  conducted. 

Dispersions  for  these  studies  were  made  using  two  different  solvent 
conditions:  1)  200  ml  deionized  water,  20  g  ceramic  powder,  and  4  drops 
(0.15  ml)  of  concentrated  nitric  acid,  or  2)  100  ml  deionized  water,  100  ml 
0.667  wt%  polyvinyl  alcohol  solution,  20  g  ceramic  powder,  and  4  drops 
(0.15  ml)  of  concentrated  nitric  acid  (in  both  cases,  the  final  slurry  pH 
was  2-3).  All  dispersions  were  ultrasonically  agitated  at  a  power  level  of 
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100  W  for  3  min  in  250 -ml  polypropylene  bottles.  Two  dispersions  were  made 
for  each  powder/solvent  condition.  One  sample  of  each  was  set  aside  for 
0.5  h  after  ultrasonic  agitation;  the  other  was  diluted  with  250  ml  of 
filtered  reagent-grade  acetone  (10-20-/im  glass  frit),  ultrasonically 
agitated  at  a  power  level  of  100  W  for  3  min  in  a  250-ml  polypropylene 
bottle,  and  set  aside  for  0.5  h. 

Results  and  Discussion 

The  particle-size  distributions  of  the  dispersions  were  then 
characterized  using  cumulant  analysis  on  a  photon  correlation  spectrometer 
(Coulter  N4  Sub-Micron  Particle  Analyzer,  Coulter  Electronics,  Inc.,  600 
20th  Sc.,  Hialeah,  FL  33010).  Results  are  given  in  Table  I  (ceramic 
powder -water -acetone -polyvinyl  alcohol  mixes  were  not  analyzed,  as  obvious 

Table  I.  Photon  Correlation  Mean  Particle  Sizes  for  Ceramic  Powders  in 
Different  Polymer- Solvent  Environments. 


Powder 

Apparent 

Particle  Size 

In: 

Water 

PVA 

Water  + 

PVA 

Solution 

Acetone 

Solution  + 

Acetone  1 

(nm) 

(nm) 

(nm) 

i 

Sumitomo  AKP-HP 

501 

509 

A 

B 

alumina 

Toyo  Soda  TZ-0 

283 

253 

415 

B 

zirconia 

Toyo  Soda  TZ-3Y 
zirconia-yttria 

289 

332 

391 

B 

A:  Measured  particle  size  drifted  slowly  upward. 

B:  Particles  were  too  large  and  settled  coo  rapidly  to  be  measured 
using  the  photon  correlator. 
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phase  separation  and  settling  precluded  the  possibility  of  obtaining  useful 
information) . 

Dispersions  of  the  ceramic  powders  in  polyvinyl  alcohol  solutions  or 
in  water/acetone  mixes  flocculated  very  slowly,  if  at  all.  Dispersions 
containing  both  polyvinyl  alcohol  and  acetone  flocculated  and  settled  very 
rapidly.  This  rapid  flocculation  is  certainly  the  result  of  synergistic 
interaction  between  the  acetone  and  the  polyvinyl  alcohol,  with  some 
fraction  of  the  polyvinyl  alcohol  attached  to  the  powder  particle  surfaces. 

FLOC  TEXTURE  STUDIES 
Experimental  Procedure 

Polyvinyl  alcohol  solutions  having  the  concentrations  specified  in 
Table  II  were  prepared.  Four  hundred  milliliters  of  each  solution  was 
acidified  to  pH  2-3  using  eight  drops  (0.3  ml)  of  concentrated  nitric  acid. 
Varying  amounts  of  powder,  as  given  in  Table  II,  were  added,  and  the 
slurries  were  ultrasonically  agitated  at  a  power  level  of  100  W  for  8  min 

Table  II.  Qualitative  Texture  Data  on  Polymer- Powder  Floes. 


Powder  Content 
(g) 

Polymer  Solution  Concentration 
(rog/1) 

3333 

1054  333 

4 

A 

B  C 

12.65 

B 

C  D 

40 

C 

D  E 

A:  rubbery,  dry  product 

B:  rubbery  product,  with  more  retained  liquid  than  A 
C:  cottage  cheese-like  product,  with  lots  of  retained  liquid 
D:  somewhat  fluid,  yoghurt-like  product 
E:  very  fluid  product 
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in  a  one- liter  polypropylene  bottle.  The  slurries  were  then  flocculated 
with  500  ml  of  acetone,  shaken  vigorously  for  10  s,  and  set  aside  for  15 
min  before  being  filtered  through  a  325-mesh  screen.  The  samples  were 
allowed  to  drain  for  5  min  before  their  textures  were  qualitatively 
characterized  by  visual  inspection  (Table  II). 

Results  and  Discussion 

The  resu]  '~s  in  Table  II  clearly  show  that  the  floe  texture  depends 

importantly  on  the  ratio  of  powder  to  polymer  in  the  slurries,  being 

independent  of  the  absolute  loading  levels  of  these  materials,  which  is 

consistent  with  our  expectations.  The  systems  with  a  lot  of  polymer  and 

little  powder  were  rubbery,  reflecting  a  continuous  polymer  phase  extending 

through  the  flocculated  sample.  The  systems  with  a  lot  of  powder  and 

little  polymer  were  very  fluid,  reflecting  local  binding  of  powder 

particles  and  the  absence  of  a  continuous  polymer  phase. 

The  Ceramics  Processing  Research  Laboratory  has  investigated  the 

effect  of  pH  on  the  polyvinyl  alcohol  content  and  texture  of  floes 

resulting  from  the  precipitation  of  dispersions  containing  either  alumina 

28 

or  silica  in  polyvinyl  alcohol  solution  by  adding  acetone.  Powders  were 

dispersed  in  polyvinyl  alcohol  solutions  having  the  same  powder  loading 

levels  and  differing  only  in  pH.  The  texture  of  the  floes  changed  as  the 

pH  changed:  when  floes  had  a  high  polymer  content  they  were  firm;  when  they 

29 

had  a  low  polymer  content  they  were  quite  fluid.  Under  pH  conditions  in 
which  the  polymer  content  of  the  powder  floes  was  low,  large  polymer  floes 
with  a  low  powder  content  also  formed.  It  seems  clear  to  the  present 
author  that  polymer  adsorption  plays  a  large  role  in  the  operation  of  this 
ceramic  processing  technique. 
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PRECIPITATION  IN  NONAQUEOOS  SYSTEMS 

To  show  that  the  nonsolvent  flocculation  technique  is  applicable  to 

nonaqueous  systems,  400  ml  of  a  0.5  vt%  solution  of  93,300  MW  poly (methyl 

methacrylate)  (PMMA)  in  toluene  was  prepared.  Thirty- two  grams  of  Sumitomo 

AKP-HP  alumina  powder  and  8  g  of  Toyo  Soda  TZ-0  zirconia  powder  were  added 

and  ultrasonically  agitated  at  high  power  (100  W,  20  kHz)  for  8  min.  The 

dispersion  was  allowed  to  equilibrate  for  24  h.  PMMA  did  not  prove  to  be  a 

particularly  good  steric  stabilizer  for  alumina  and  zirconia  in  toluene;  a 

dispersion  marginally  adequate  for  the  purposes  of  this  study  was  produced. 

Six  hundred  milliliters  of  hexane  was  added  to  flocculate  the  dispersion, 

and  the  resulting  two-phase  mixture  was  filtered  through  a  325 -mesh  screen. 

The  floes  produced  this  way  could  be  pressed  into  green  bodies  more  readily 

than  could  those  produced  in  an  aqueous  environment. 

Poly(methyl  methacrylate)  adsorbs  from  benzene  solutions  to  alumino- 
30 

silicate  surfaces  ;  since  the  solubility  parameters  for  fl-heptane, 

benzene,  and  toluene  are  similar,  adsorption  of  poly (methyl  methacrylate) 

to  alumina  particle  surfaces  in  toluene  is  also  expected. 

If  a  polar  solvent  is  added  to  a  dispersion  of  ceramic  powder 

particles  in  a  dilute  polymer  solution  with  a  nonpolar  solvent,  the  amount 

30 

of  adsorbed  polymer  can  decrease  and  become  negative.  Flocculation  is  a 
fast  process;  polymer  desorption  is  slow.  Rapidly  adding  a  second  solvent 
that  adsorbs  onl  ceramic  powder  particle  surfaces  to  a  so lvent -polymer- 
ceramic  powder  dispersion  may  cause  powder-polymer  floes  to  precipitate 
before  the  polymer  has  time  to  desorb  from  the  particle  surfaces. 

REVERSIBILITY  OF  PRECIPITATION 

An  alumina-20  wt%  zirconia  dispersion  in  400  ml  of  a  0.333  wt% 
polyvinyl  alcohol-0.167  wt%  polyethylene  glycol  solution  was  pH-adjusted 
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with  six  drops  (0.2  ml)  of  concentrated  nitric  acid  (polyethylene  glycol  is 
a  plasticizer  for  polyvinyl  alcohol) .  The  slurry  was  ultrasonically 
agitated  at  a  power  level  of  100  W  for  3  min  in  a  one- liter  polypropylene 
bottle.  The  particle  size  was  then  characterized  using  a  photon 
correlation  spectrometer.  Next,  the  dispersion  was  flocculated  with  500  ml 
of  acetone  and  the  resulting  dispersion  was  filtered  through  a  325-mesh 
sieve.  Two  grains  of  the  wet  floes  collected  on  the  sieve  were  removed  and 
placed  in  a  one -liter  polypropylene  bottle  containing  400  ml  of  deionized 
water  pH-adjusted  with  6  drops  (0.23  ml)  of  concentrated  nitric  acid.  The 
slurry  was  then  ultrasonically  agitated  at  a  power  level  of  100  W  for  6 
min.  The  particle  size  was  then  characterized  using  a  photon  correlation 
spectrometer.  The  difference  in  average  particle  size  between  the  original 
dispersion  and  the  dispersion  formed  from  the  ultrasonically  agitated  floes 
was  well  within  the  experimental  error  of  the  technique,  indicating  that 
the  flocculation  process  is  completely  reversible. 

GENERAL  DISCUSSION 

The  results  of  the  experiments  above  correspond  to  the  following 

physical  picture,  illustrated  in  Figure  3.  When  ceramic  powder  particles 

are  dispersed  in  a  dilute  polymer  solution,  some  portion  of  the  polymer 

molecules  adsorbs  to  the  particle  surfaces,  leaving,  in  general,  "loops" 

31 

and  "tails"  dangling  into  the  solution.  The  remaining  polymer  is  present 
as  dispersed  molecules.  When  a  nonsolvent  for  the  polymer  is  added  in 
large  quantity,  the  energy  of  the  polymer-polymer  contacts  becomes  less 
than  that  of  the  polymer- solvent  contacts.  Pinning  points  form  among  the 
dispersed  polymer  molecules,  as  well  as  between  the  dispersed  polymer 
molecules  and  molecules  adsorbed  on  powder  particle  surfaces.  If  the 
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polymer  and  powder  concentrations  are  appropriate,  ceramic  powder  particles 
are  immobilized  in  a  gelatinous  polymer  matrix  in  this  way. 


CONCLUSIONS 

Polyvinyl  alcohol  adsorbs  onto  alumina  particle  surfaces .  The 
precipitation  of  alumina -polyvinyl  alcohol  floes  from  polyvinyl  alcohol 
solutions  containing  alumina  powder  by  adding  acetone  requires  polymer 
adsorption  onto  powder  particle  surfaces.  Precipitation  is  brought  about 
by  the  synergistic  interaction  of  the  polyvinyl  alcohol  with  the  acetone,  and 
is  fully  reversible  by  improving  the  solvent  quality  (removing  acetone) . 

Floe  texture  is  unrelated  to  the  absolute  loading  levels  of  polymer  and 
powder,  but  related  to  their  ratio.  The  polymer-powder  precipitation 
process  is  quite  general,  operating  in  both  aqueous  and  nonaqueous  systems, 
and  including  a  variety  of  polymers  and  solvents. 
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POLYMER 


Figure  1.  Polymer-solvent-nonsolvent  ternary  phase  diagram. 


Figure  2.  Adsorption  of  polyvinyl  alcohol  on  alumina  as  a  function  of 
initial  concentration  of  polymer  in  aqueous  solution. 
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Figure  3.  Schematic  of  nonsolvent  flocculation  process  a)  before 
nonsolvent  addition  and  b)  after  nonsolvent  addition. 
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THERMAL  PROCESSING  AND  PROPERTIES  OF  HIGHLY  HOMOGENEOUS  ALUMINA- 

ZIRCONIA  COMPOSITE  CERAMICS 


William  C.  Moffatt 


ABSTRACT 

Alumina- zlrconia  composites  were  made  using  a  novel  processing 
technique  involving  nonsolvent  precipitation  of  a  dilute  polymer  solution 
containing  dispersed  ceramic  powder  particles. 

Seven  identical  alumina-nominally  15  wt%  zirconia  composite  green 
bodies  were  fired  at  different  temperatures.  An  optimal  firing  temperature 
of  1500°C  was  found,  above  and  below  which  sample  fracture  strengths, 
densities,  and  tetragonal  zirconia  contents  were  lower.  Fracture  strengths 
correlated  well  with  porosity. 

An  alumina- 14. 06  wt%  (zirconia- 1.35  mol%  yttria)  composite  had 
excellent  resistance  to  abnormal  grain  growth  upon  high- temperature 
annealing.  The  tetragonal  zirconia  content  increased  with  increasing 
annealing  time;  this  was  attributed  to  the  equilibration  of  zirconia 
particles  with  widely  varying  yttria  concentrations. 


1.  INTRODUCTION 

Many  studies  of  the  processing  of  composite  materials  have  had  the 
goal  of  uniformly  distributing  second-phase  particles  in  a  matrix  material. 

This  is  because  uniform  particle  distribution  is  thought  to  lead  to  better 
properties  and  higher  reliability  than  would  be  achieved  with  less  uniform 
distribution. 

Various  paths  have  been  taken  to  produce  composite  ceramics  in  the 
past.  Techniques  used  in  the  alumina-zirconia  system,  in  particular,  have 
included  the  milling  of  powders  in  air,  water,  or  other  liquids  [1-7], 
oxidation  or  decomposition  of  soluble,  often  organic,  ceramic 

precursors  [1,8-11],  heterocoagulation  of  sols  [12],  and  the  high-shear  mixing  of 
flocced  sols  [13].  Some  powders  have  been  consolidated  wet,  using  slip 
casting  (13, 1A]  or  centrifugal  casting  [12];  others  have  been  consolidated 
dry  [1,3-8,11],  often  by  hot  pressing  [1,6-8].  Consolidation  techniques  have 
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generally  not  been  well  integrated  with  powder  production  or  mixing 
techniques . 

A  rapid,  flexible  technique  for  producing  uniform  composite  ceramics 
has  been  developed  at  the  Ceramics  Processing  Research  Laboratory,  based  on 
nonsolvent  precipitation  of  dilute  polymer  solutions  containing  co¬ 
dispersions  of  ceramic  powders.  Preliminary  results  for  the  alumina - 
zirconia  system  are  given  in  Reference  15.  The  effects  of  varying  the 
zirconia  content  and  zirconia  phase  chemistry  of  alumina-zirconia 
composites  produced  in  this  way  on  the  composites'  mechanical  properties 
are  described  in  Reference  16. 

This  paper  describes  the  effects  of  variations  in  the  thermal 
processing  of  alumina-zirconia  composites  produced  using  this  nonsolvent 
precipitation  technique  on  their  microstructures,  phase  structures,  and 
mechanical  properties.  The  paper  is  divided  into  two  parts,  the  first  of 
which  details  the  effects  of  variations  in  firing  temperature  on  the 
properties  of  a  series  of  identical  green  bodies.  The  second  part  details 
the  effects  of  high- temperature  anneals  of  varying  duration  on  the 
properties  of  a  fired  body. 

2.  EXPERIMENTAL 

2.1.  Specimen  Production  and  Characterization 

Alumina-zirconia  composite  ceramics  were  made  in  the  following  way.  A 
0.333  wt%  water  solution  of  polyvinyl  alcohol  (MW-14,000,  Aldrich  Chemical 
Co.,  Milwaukee,  WI)  was  filtered  through  a  10-20-jini  glass  frit.  Four 
hundred  milliliters  of  the  filtered  solution  was  poured  into  a  one-liter 
polypropylene  bottle  under  a  laminar- flow  hood.  Forty  grams  of  an 
appropriate  mixture  of  alumina  (Sumitomo  AKP-HP,  Sumitomo  Chemical  America, 
New  York,  NY),  zirconia  (Toyo  Soda  TZ-0,  Toyo  Soda  USA,  Atlanta,  GA) ,  and 
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zirconia-ytCria  (Toyo  Soda  TZ-3Y)  powders  was  then  added.  The  bottle's 
contents  were  adjusted  to  pH  2-3  with  0.3  ml  of  concentrated  nitric  acid, 
and  ultrasonically  agitated  (Model  W-220F  Sonicator  Cell  Disruptor,  Heat 
Systems  Ultrasonics,  Inc.,  Farmingdale,  NY)  at  high  power  (100  W)  for  8 
min.  This  agitation  significantly  warmed  the  slurry.  The  bottle 
containing  the  slurry  was  resealed,  and  the  contents  were  allowed  to 
gravitationally  settle  for  24  h. 

The  middle  300  ml  of  the  supernatant  was  removed  using  a  cannulation 
procedure  at  a  rate  of  about  5  ml/s.  Filtered  air  (0.1-/im  filter)  was  used 
as  the  cover  gas  during  cannulation.  The  cannulated  supernatant  was 
homogenized  before  further  use.  It  was  then  flocculated  with  375  ml  of 
filtered  reagent-grade  acetone.  The  flocculated  slurry  was  allowed  to 
stand  for  15  min,  and  was  then  poured  onto  a  100-mesh  stainless  steel 
screen. 

The  retained  floes  were  scooped  into  a  colloid  press  (Fig.  1),  where 
they  were  consolidated  at  a  pressure  of  35  MPa  over  a  period  of  15-30  min. 
The  sample  was  held  in  the  press  for  30  min  after  the  press  came  to 
equilibrium,  then  was  ejected  from  the  press,  dried  at  60-80°C  in 
laboratory  air,  and  cold  isostatically  pressed  at  280  MPa.  The  green 
density  was  typically  57-58%  of  theoretical,  and  the  volume  of  the  green 
body  was  typically  15%  of  the  volume  of  the  floes  from  which  it  was 
pressed.  Binder  burnout  and  bisque  firing  were  accomplished  by  ramping  the 
specimen  at  2°C/min  from  room  temperature  to  600°C  and  at  5°C/min  from 
600°C  to  1200°C.  A  flow  chart  of  this  processing  route  is  given  in 
Fig.  2. 

Some  fired  samples  were  machined  into  2mmxl.5mmx25mm  bend 
specimens,  which  were  mechanically  tested  using  a  four-point  jig  having  an 
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inner  span  of  10  mm  and  an  outer  span  of  20  mm.  The  crosshead 
displacement  rate  was  0.025  cm/min  (stress  rate  -50  MPa/s).  Weibull  plots 
and  probability  of  failure- fracture  strength  plots  were  constructed  from 
the  fracture  data.  Fracture  toughnesses  of  the  specimens  were  determined 
for  polished  surfaces  using  the  microindentation  technique  described  by 
Evans  and  Charles  [17].  Surface -grinding  alumina- zirconia  composite  ceramics 
can  result  in  residual  compressive  surface  stresses  as  high  as  1  GPa  [18], 
which  can  interfere  with  fracture  toughness  determinations  [19-21],  The 
normal  grinding  and  polishing  stresses  in  this  study  were  kept  to  <50  kPa 
to  minimize  surface  damage,  and  an  indentation  load  of  10  kg  was  applied  to 
ensure  fully  developed  cracks.  Indentations  were  made  using  a  Vickers 
diamond  pyramid  indenter  attached  to  an  Instron  machine,  with  an  indenter 
displacement  rate  of  0.005  cm/min  and  a  hold  time  after  loading  of  1  min; 
the  load  typically  relaxed  less  than  10%  during  the  hold  period.  Five 
indents  were  made  on  each  sample.  The  tetragonal  zirconia  fractions  were 
determined  from  x-ray  diffraction  analysis,  which  involved  the  relative 
monoclinic  and  tetragonal  phase  integrated  x-ray  peak  areas  [22]  as  determined 
from  samples  with  polished  surfaces.  Chemical  analyses  of  the  specimens 
were  obtained  using  a  Hitachi  S- 530  Scanning  Electron  Microscope  (Hitachi 
Scientific  Instruments,  Nissei  Sangyo  America,  Rockville,  MD)  fitted  with 
an  EG&G  ORTEC  Model  7938 -AST  Si (Li)  X-Ray  Detector,  and  EG&G  ORTEC  System 
5000  spectral  analysis  software  (EG&G  Ortec,  Inc.,  Oak  Ridge,  TN) . 


2.2.  Effect  of  Thermal  History  on  Properties 

Seven  billets  containing  14.98  wt%  zirconia  were  produced  using  the 
procedure  described  above.  These  were  fired  in  vacuum  for  2  h  at  1300, 
1350,  1400,  1450,  1500,  1550,  and  1600°C,  respectively.  Ten  bend  bars  were 
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machined  from  each  of  the  fired  specimens.  The  fracture  strengths, 
indentation  fracture  toughnesses,  and  tetragonal  zirconia  fractions  were 
determined  as  described  above. 

Weibull  plots  of  the  specimens  tested  are  shown  in  Fig.  3a  for  the 
fired  billets;  probability  of  failure/fracture  strength  plots  for  the  same 
billets  are  shown  in  Fig.  3b.  Fig.  4  shows  the  average  fracture 
strengths  and  Weibull  moduli  for  the  samples  tested.  The  fracture 
strengths  are  quite  high  for  alumina-zirconia  composites  produced  without 
hot-pressing.  The  maximum  in  Fig.  4  may  be  interpreted  as  follows:  below 
1500°C  the  specimens  are  probably  not  fully  densified;  above  1500°C  rapid 
grain  growth  may  stop  sintering  short  of  theoretical  density. 

The  fracture  strengths,  Weibull  moduli,  fracture  toughnesses,  and 
tetragonal  zirconia  fractions  of  these  specimens  are  reported  in  Table  I. 

Table  I.  Properties  of  Al203*14.98  wt%  ZrC>2  Composites  Fired  at  Various 
Temperatures . 


Firing 

Temperature 

<°C) 

Fracture 

Strength 

(MPa) 

Weibull 

Modulus 

Fracture 
Toughness 
(MPa-nj  ) 

Tetragonal 

Zirconia 

Fraction 

1300 

508(10)* 

9.1 

.... 

0.21 

±0.02 

1350 

734(10) 

9.0 

5.02 

±  0.09(5)** 

0.38 

±0.04 

1400 

860(10) 

8.2 

4.98 

±  0.13(5) 

0.49 

±  0.05 

1450 

943(10) 

7.7 

5.13 

±  0.20(5) 

0.46 

±0.05 

1500 

1048(10) 

15.8 

4.69 

±  0.16(5) 

0.58 

±  0.06 

1550 

939(10) 

8.1 

5.19 

±  0.25(5) 

0.58 

±0.06 

1600 

838(10) 

8.5 

4.92 

±  0.15(5) 

0.49 

±  0.05 

^umbers  in  parentheses  indicate  the  number  of  bend  bars  tested. 
Numbers  in  parentheses  indicate  the  number  of  indents  made. 
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No  fracture  toughness  determination  could  be  made  for  the  sample  fired  at 
1300°C  because  the  cracks  at  the  corners  of  the  microindentations  were  too 
diffuse  to  be  easily  measured  in  this  low-density  material.  The  tetragonal 
zirconia  fraction  was  found  to  increase  with  sample  density.  Tetragonal 
zirconia  particles  close  to  or  in  contact  with  pores  in  the  sample  will  be 
less  constrained  than  particles  surrounded  by  a  dense  alumina  matrix  and 
will  thus  transform  more  readily  upon  cooling  or  machining.  At  high 
temperatures,  zirconia  phase  coarsening  may  lead  to  increased  monoclinic 
zirconia  content. 

Figs.  5a-g  show  scanning  electron  fractographs  of  samples  sintered 
at  selected  temperatures  ranging  from  1300°C  to  1600°C.  A  scanning 
electron  micrograph  of  a  polished  section  of  the  material  in  Fig.  5e  is 
shown  in  Fig.  6.  It  is  clear  from  these  figures  that  fine  zirconia 
particles  are  located  at  grain  comers,  and  that  the  distribution  of  these 
particles  is  very  homogeneous.  The  effect  of  variations  in  fired  sample 
density  on  the  fracture  strengths  of  the  materials  in  this  series  is  shown 
in  Fig.  7.  Samples  fired  both  above  and  below  the  optimal  firing 
temperature  are  seen  to  have  the  same  dependence  of  fracture  strength  on 
fired  density.  The  sharp  rise  in  strength  at  high  fired  densities  is 
consistent  with  the  reported  exponential  dependence  of  the  fracture 
strength  of  alumina  on  porosity  [ 2 3  j .  A  semilogarithmic  plot  of  fracture 
strength  versus  porosity  is  shown  in  Fig.  8.  The  least  squares  data  fit 
to  the  points  given  has  a  slope  of  -3.56,  well  within  the  range  of  values 
reported  in  the  literature  for  pure  alumina  [24-26].  The  strengths  seen  here 
are,  however,  substantially  higher  than  those  found  in  the  studies  on 
alumina.  This  may  be  due  to  the  small  grain  size  of  the  alumina -zirconia 
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composites.  It  seems  that  the  dependence  of  fracture  strength  on  porosity 
arises  from  largely  material -independent  geometrical  considerations. 


2.3.  Effect  of  High-Temperature  Annealing  on  Properties 

An  alumina- 14. 06  wt%  (zirconia- 1 . 35  mol%  yttria)  sample  was  made  using 
the  defect-resistant  processing  technique.  The  green  body  was  broken  into 
five  pieces,  which  were  then  prefired  as  described  above  and  fired  for  2  h 
at  1500°C  under  vacuum.  The  pieces  were  subsequently  annealed  at  16 00°C 
for  0,  1,  3,  9,  and  27  h,  respectively.  The  fracture  toughnesses  and 
tetragonal  zirconia  fractions,  determined  as  described  above,  are  reported 
in  Table  II.  Scanning  electron  micrographs  of  polished  sections  of  these 
specimens  are  shown  in  Figs.  9a-e.  The  microstructures  were  highly 
resistant  to  exaggerated  grain  growth  and  grain  boundary  breakaway  from 
second-phase  particles  upon  high- temperature  annealing. 

Table  II.  Properties  of  Al20_-  14.06  wt%  (Zr02-1.35  mol%  yttria) 

Composites  Annealed  at  Elevated  Temperature. 


Fracture  Tetragonal 

Hours  at  Toughness  Zirconia 

1600°C  (MPa  in  )  Fraction 


0 

1 

3 

9 

27 


4.98  ±  0.20(5)* 
4.98  ±  0.09(5) 
5.05  ±  0.16(5) 
5.04  ±  0.08(5) 
5.55  ±  0.25(5) 


0.35  ±  0.04 
0.39  ±  0.04 
0.57  ±  0.06 
0.85  ±  0.09 


Numbers  in  parentheses  indicate  the  number  of  indents  made. 


The  intermediate  yttria  content  of  this  alumina-zirconia-yttria 
composite  ceramic  was  achieved  using  a  mixture  of  two  zirconia  powders:  one 
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with  no  yttria,  the  other  with  a  high  yttria  content.  As  a  resv.lt  of  this 
processing  approach,  the  yttria  content  of  the  individual  zirconia 
particles  could  be  expected  to  vary  between  the  two  extremes  of  0.0  mol% 
yttria  and  3.0  mol%  yttria.  Only  the  high-yttria  zirconia  particles  are 
expected  to  retain  the  tetragonal  str  oture  upon  cooling  from  the  sintering 
temperature  to  room  temperature.  High- temperature  annealing  would  cause 
the  yttria  in  high-yttria/zirconia  particles  to  diffuse  to  low- 
yttria/zirconia  particles.  In  addition,  grain  growth  in  the  alumina  matrix 
would  bring  about  zirconia  particle  impingement  and  coalescence.  An 
increase  in  the  volume  fraction  of  zirconia  particles  containing  enough 
yttria  to  resist  transformation  to  the  monoclinic  structure  upon  cooling  to 
room  temperature  is  thus  expected.  This  is  consistent  with  the  tetragonal 
zirconia  fractions  found  experimentally  after  high- temperature  anneals  of 
various  lengths. 

3.  CONCLUSIONS 

When  alumina- 15  wt%  zirconia  composites  processed  as  described  above 
were  fired  at  different  temperatures,  an  optimal  firing  temperature  of 
1500°C  was  found.  Fracture  strengths,  densities,  and  tetragonal  zirconia 
contents  were  lower  both  above  and  below  this  temperature.  Fracture 
strengths  correlated  well  with  porosity. 

An  alumina- 14 . 06  wt%  (zirconia-1. 35  raol%  yttria)  composite 
processed  as  described  above  had  excellent  resistance  to  abnormal  grain 
growth  upon  high- temperature  annealing.  The  tetragonal  zirconia  content 
increased  with  increasing  annealing  time;  this  was  attributed  to  the 
equilibration  of  zirconia  particles  with  widely  varying  yttria 
concentrations . 
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BRASS  COLLOID  PRESS 


Figure  1.  Fricted  press. 


Disperse  Ceramic  Powder*  in  Filtered 
Dilute  Polymer  Solution 

Settle  Out  Powder  Agglomerates 
(One  Day) 

Remove  Supernatant  by  Cannulation  and  Homogenize  It 

I 

Precipitate  Powder-Polymer  Flocj  by  Adding 
Filtered  Nonsoivent 


♦ 

Consolidate  Floes  in  Colloid  Press 
(30  Minutes  at  35  MPa) 

I 

Dry  Green  Body 

* 

Cold  Isostatically  Press  Green  Body 
(One  Minute  at  280  MPa) 

♦ 

Burn  Out  Binder  and  Bisque  Fire  in  Air 
'2°C/min  to  <00°C,  5°C  from  600°C  to  1200*0 


Flow  chart  of  defect-resistant  processing  technique. 
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Weibull  Plots 
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Figure  3.  Alumina- nominally  15.0  wt%  zirconia  composites  fired  at  various 
temperatures:  a)  Weibull  plots  and  b)  probability  of  failure/fracture 
strength  plots. 
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Frocture  Strenqth  vs.  Sintering  Temperature 
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Figure  4.  Average  fracture  strength  vs  sintering  temperature  for  alumina 
nominally  15.0  wt%  zlrconia  samples  (m  -  Weibull  modulus). 
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Figure  5  (cont'd).  Scanning  electron  fractograph  of  an  alumina-nominally 
15.0  wt%  zirconia  sample  fired  in  vacuum  at  g)  1600°C. 


m- 


Figure  6.  Scanning  electron  micrograph  of  a  polished  section  of  an  alumina- 
nominallv  15.0  wtA  zirconia  sample  fired  at  1500°C  in  vacuum. 
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Fracture  Strenqth/Density  Plot 


Tired  Density  (g/cm5) 


Figure  7.  Dependence  of  fracture  strength  on  density  for  alumina-nominally 
15.0  wt%  zirconia  composites. 


Porosity 


Figure  8.  Dependence  of  fracture  strength  on  porosity  for  alumina-nominallv 
L3.0  wtt  zirconia  composites. 


W.  Moffatt 


AFOSR/1988 


**  ***  -  »  .  *  r  *  ,*.  V  ,  *  •  *  >»  t  v  '  1.  -  «  f  .•  -n  *■  % 

.  .  V*  v'«  '  •  V  : ;  >  *■  ■  •  '  ^  ”  4*  f  *  “  .  .  ' 

-•■  «».•>  .^  •  vv\*v-' t  • •  •*  i«  >•„/ « : '■  ,  '  r  ■*  4  ,  *  >  •  *.*4,'  s-  r  * 


*,  t. 


•  ‘  1 1  r  •  *  ■  \  .  . 

\ 4  *  /.t  ‘v  -  • 


0002  20KV  20u» 


4052  20K  V  20um 


•  / 


r  •* 


SJ 


V  . 


-  '  *  v 


4053  20K.V  £0un< 


4054  20KV  20u» 


&-i  f 


*  ‘  *  fS  *  /  ^ 

O  1 '  *  > 

tf 


4060  20K  V  20u» 


Figure  9.  Scanning  electron  micrographs  of  a  polished  surface  of  an 
il’imina- 1  t .  do  vt*  (nirconia  - 1.25  mol*  vttria)  sample  fired  at  1.500  0  ia 
ir.'.i  annealed  at  lo00°C  for  b  >  1  h.  c  )  3  h.  d)  9  h,  or  e  )  2  7  h. 


PROCESSING  AND  MICROSTRUCTURAL  CONTROL  OF  A1  O.-Al.TiO  -TiO-  COMPOSITES 

FORMED  BY  CYCLIC  ANNEALING  L  3  2 

Sumio  Kamiya 


ABSTRACT 

Flocculation  and  cyclic  annealing  were  studied  as  possible  means  for 
processing  and  controlling  the  microstructure  of  AlgO^-TiOg  composites. 
Homogeneous  green  bodies  were  obtained  by  colloid-pressing  floes  composed 
of  polyvinyl  alcohol  (PVA)  and  ceramic  powders.  Sintered  materials,  which 
contained  A^O.  and  AljTiO^ ,  cracked  due  to  the  large  thermal  anisotropy  of 
A^TiO^,  but  tne  cracks  were  completely  eliminated  by  annealing.  The 
densities  of  the  materials  decreased  during  annealing  due  to  the  volume 
shrinkage  resulting  from  A^TiO^  decomposition;  a  reheating  treatment  was 
necessary  to  increase  the  densities  of  the  annealed  materials.  A 
combination  of  cyclic  annealing  and  the  reheating  treatment  gave  various 
interesting  microstructures  of  A^O^  composites  interspersed  with  A^TiO,. 
and  TiOj,  suggesting  that  this  process  could  create  composites  with  unique 
mechanical  properties. 


INTRODUCTION 

Although  aluminum  titanate  (AljTiO^)  can  be  produced  with  a  low 
thermal  expansion  coefficient,  its  practical  application  to  structural 
materials  remains  uncertain  because  of  its  low  mechanical  strength.  The 
low  thermal  expansion  coefficient  and  low  strength  both  result  from  grain¬ 
boundary  raicrocracking  due  to  the  large  thermal  anisotropy  of  A^TiO,. 
crystals  (1) . 

Another  characteristic  of  this  material,  generally  considered  a 
problem,  is  its  decomposition  to  A^O,  and  TiC^  (rutile)  below  -1200°C  (2). 
In  the  present  study,  this  characteristic  is  effectively  used  in  the 
microstructural  control  of  A^O^-TiC^  composites:  If  a  material  containing 
AljOj  and  A^TiO^  is  annealed  below  the  AljTiO^  decomposition  temperature 
range,  TiOj  and  AljO^  can  form  within  the  initial  A^TiO^  grains  or  at  the 
grain  boundaries.  During  subsequent  annealing  above  the  A^TiO^  formation 
temperature  range,  the  TiC^  reacts  with  adjacent  A^O^  grains  to  form 
A^TiO^  once  more.  This  alternating  AljTiO^  decomposition/formation 
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reaction  sequence  through  cyclic  annealing  has  potential  as  a  method  for 
microstructural  control  that  may  lead  to  unique  mechanical  properties  in 
Al^O^-TiO^  composites. 

A  powder  preparation  method  involving  flocculation  was  applied  in  this 
study  to  the  A^O^-TiOj  system.  The  method  is  similar  to  one  used  for  the 
Al20^-Zr02  system,  in  which  AljO^  and  Zr02  were  dispersed  in  an  aqueous 
polyvinyl  alcohol  (PVA)  solution,  then  flocculated  with  acetone  to  obtain 
homogeneous  powder  mixtures  (3). 

A  previous  paper  described  the  microstructural  refinement  obtained  in 
the  A^O^-A^TiO^-TiC^  system  using  flocculation  and  cyclic  annealing  as 
somewhat  discouraging,  but  the  irregularly  shaped,  intertwined  grains 
formed  during  the  annealing  (4).  This  paper  describes  the  further 
application  of  the  flocculation  technique  to  A^O^'TiC^  compact  preparation 
and  reports  further  results  of  cyclic  annealing  studies  on  A^O^-TiC^ 
composites . 

EXPERIMENTAL  PROCEDURE 

Degussa  Ti02  (Degussa  Corp.  P-25  anatase,  Teterboro,  NJ)  mixed  with 
either  Sumitomo  A^O^  (Sumitomo  AKP-HP,  Sumitomo  Chemical  America,  New 
York,  NY)  or  the  0.2-0.3-pra  cut  of  classified  Reynolds  A^O^  (RC-172DBM 
without  MgO,  Reynolds  Metals  Co.,  Bauxite,  AR)  was  used  as  the  starting 
powder.  Twenty- five  grams  of  powder  containing  5.0,  10.0,  15.0,  or  20.7 
wt%  Ti02  was  dispersed  in  250  ml  of  an  aqueous  polyvinyl  alcohol  (mol.  wt 
14,000,  Aldrich  Chemical  Co.,  Inc.,  Milwaukee,  WI)  solution  (0. 2-1.0 
wt% ;  vacuum- filtered  through  a  10-20-jim  glass  frit  before  using)  containing 
enough  concentrated  HNO^  to  adjust  the  pH  to  2. 0-3.0.  Each  mixture  was 
ultrasonically  agitated  at  a  power  of  20  KHz,  100  W  for  5-30  min;  the 
suspension  was  then  flocculated  with  313  ml  of  reagent-grade  acetone.  In 
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some  cases,  the  particle  dispersion  was  allowed  to  settle  for  24  h  to 
eliminate  possible  agglomerates,  inclusions,  dust,  etc.;  the  upper  stable 
suspension  (180  ml)  was  then  removed  by  cannulation  using  a  pipet, 
homogenized  for  1  h  in  a  ball  mill  without  any  milling  media,  and 
flocculated  with  225  ml  of  reagent- grade  acetone.  The  liquid  was  vacuum- 
filtered  through  analytical  paper,  and  the  retained  floes  were  colloid- 
pressed  into  pellets  -38  mm  in  diameter;  the  applied  pressure  and  holding 
time  were  35  MPa  and  30  min,  respectively. 

The  pellets  were  dried  at  room  temperature  for  6  h  and  at  60"C  for  12 
h  in  air,  after  which  they  were  heated  at  a  rate  of  l°C/min  to  600" C  and 
held  at  temperature  for  1  h  to  burn  out  the  PVA.  The  samples  were  then 
isopressed  at  280  MPa  for  1  min  and  sintered  or  annealed  in  air.  Following 
heat  treatment,  the  specimens  were  wet-ground  into  powder  using  reagent- 
grade  ethanol  and  an  agate  mortar,  and  the  phases  identified  by  X-ray 
diffraction.  The  percent  of  A^TiO^  decomposition  that  had  taken  place  in 
each  sample  was  determined  using  the  ratio: 

rutile(110)/[ rutile (110)  +  Al2Ti05(110) ] 

The  X-ray  peak  intensity  ratio  for  each  diffraction  pattern,  as  represented 
by  peak  height,  was  taken  to  be  the  average  of  five  patterns  obtained  at  a 
slow  scanning  speed  of  0.5°  (i.e.,  25)/min. 

The  quantitative  X-ray  phase  analyses  (5)  of  the  powdered,  heat- 
treated  specimens  used  powdered  single-crystal  silicon  as  an  internal 
standard  material.  The  calibration  curve  for  phase  analysis  was  determined 
by  measuring  the  peak- intensity  ratios  of  rutile(110)/silicon(lll)  and 
at-AljO^lOAVsiliconClll)  for  mixtures  of  rutile,  o-Al^O^,  and  30  wt% 
silicon  powder.  Approximately  50  mg  of  these  powder  mixtures  was  obtained 
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by  mixing  the  rutile,  a-A^O^,  and  silicon  powder  for  30  min  using  reagent- 
grade  ethanol  and  an  agate  mortar.  The  X-ray  peak  intensity  ratio  for  each 
diffraction  pattern  was  measured  by  averaging  five  patterns  with  a  slow 
scanning  speed  of  0.5*(i.e.,  20)/min.  The  Ti02  and  contents  for  each 

heat-treated  material  can  be  expressed  by  the  following  equations,  obtained 
by  the  least-squares  method,  based  on  the  calibration  curves  shown  in 
Figure  1: 

Ti02(wt%)  -  42.8  •  I(Ti02)/I(Si) 

Al203(wt%)  -  120.9  •  I(Al203)/I(Si) 

where  I  is  the  X-ray  peak  intensity,  represented  by  peak  height.  The  phase 
compositions  of  the  annealed  materials  were  determined  by  first  measuring 
the  peak- intensity  ratios  for  a  mixture  of  30  wt%  silicon  powder  and  the 
powdered,  annealed  specimen,  then  using  the  above  equations. 

The  bulk  density  of  each  annealed  pellet  was  measured  by  Archimedes' 
method,  using  reagent-grade  ^-butanol  as  the  solvent.  The  specimens  used 
for  microstructural  observation  were  cut  from  the  heat-treated  materials 
using  a  diamond  saw;  the  surface  parallel  to  the  direction  of  colloid¬ 
pressing  was  polished  with  a  diamond  disk  (15-^m  roughness)  and  finished 
with  increasingly  fine  diamond  pastes  of  9-,  6-,  3-,  1-,  and  0.25-^um 
granularity.  After  cleaning  by  ultrasonication,  SEM  observations  were  made 
of  the  finished  surface,  followed  by  chemical  etching  at  170°C  for  30  min 

with  concentrated  H,P0, . 

3  4 

RESULTS  AND  DISCUSSION 

Powder  Preparation  Using  a  Flocculation  Technique 

A  suitable  concentration  of  aqueous  PVA  solution  for  the  Al203-Zr02 
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system  was  determined  to  be  between  0.3  and  0.5  wt%  when  Sumitomo  AKP-HP 

2 

AljO^  (surface  area,  5.3  m  /g)  and  Toyo  Soda  Zr02  (surface  area,  12-15 
2 

m  /g)  powders  were  used  (3) .  The  HO2  powder  employed  in  this  study  had  a 

2 

fine  particle  size  (0.03  pm)  and  high  surface  area  (50±15  m  /g) ;  a 
relatively  large  quantity  of  PVA  would  therefore  be  necessary  to  form  the 
large,  soft  floes  best  suited  for  colloid-pressing.  On  the  other  hand,  a 
small  amount  of  PVA  would  be  most  favorable  in  terms  of  binder-burnout 
considerations.  For  the  Al202*Ti02  system,  therefore,  floes  were  formed  at 
PVA  concentrations  ranging  from  0.2  to  1.0  wt% .  The  floes  were  normally 
powder-like  at  PVA  concentrations  of  less  than  0.4  wt% ,  but  became  rubbery 
as  the  PVA  concentration  increased.  The  floes  were  small  and  powder-like, 
and  colloid  pressing  consequently  rather  difficult  at  a  PVA  concentration 
of  0.2  wt%.  The  adsorption  of  PVA  onto  powder  surfaces,  therefore, 
critically  affects  the  floe  characteristics. 

The  relative  densities  of  materials  sintered  at  1500’C  for  0.5  and 
2.0  h  using  Sumitomo  A^O^  (starting  composition,  20.7  wt%  Ti02  -  79.3  wt% 
A^Oj)  are  shown  in  Figure  2  for  selected  PVA  concentrations.  The  relative 
densities  obtained  were  94-96%  of  theoretical,  independent  of  the  PVA 
concentration  between  0.2  and  1.0  wt%.  Figure  3  shows  SEMs  taken  of  the 
(unetched)  polished  surfaces  of  samples  made  with  Sumitomo  A^O^  and 
either  0.2  or  1.0  wt%  PVA,  sintered  at  1500’C  for  0.5  h.  The  pore  sizes 
and  pore  distributions  observable  by  SEM  are  the  same  for  both  PVA 
concentrations.  Higher  PVA  concentrations  could  therefore  still  be  used 
for  this  Al20j-Ti02  powder  system.  As  is  apparent  in  Figure  3,  the 
sintered  materials  usually  contained  cracks  a  few  hundred  micrometers  long. 
A  starting  powder  composition  of  20.7  wt%  Ti02  corresponded  to  a  final 
sample  composition  of  47.2  wt%  AljTiO^  -  52.8  wt%  A^O^  in  material 
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sintered  above  the  Al^TiO^  formation  temperature  range;  the  large  amount  of 
AljTiO^  is  probably  responsible  for  the  many  small  cracks  formed  during 
cooling,  since  A^TiO^  exhibits  strong  thermal  anisotropy.  These  cracks, 
however,  were  completely  eliminated  by  annealing. 

Figure  4  plots  relative  density  versus  sonication  time  for  both 
Sumitomo  and  classified  Reynolds  A^O^  compacts  (starting  powder 
composition  of  each,  20.7  wt%  TiO^)  prepared  using  a  1.0  wt%  PVA  solution 
and  sintered  at  1500*C  for  0. 5-2.0  h.  No  significant  change  in  relative 
density  resulted  from  changing  the  sonication  time  for  either  type  of 
Al^O^;  suspension  homogeneity  was  therefore  attained  even  after  the  shorter 
sonication  times  used  under  the  conditions  employed  in  this  study. 

Noteworthy,  however,  is  the  fact  that  the  relative  density  attained 
for  the  classified  Reynolds  Al^O^  was  ®7-98%  of  theoretical,  compared  to 
the  93-94%  of  theoretical  density  attained  with  the  Sumitomo  alumina  under 
the  same  processing  conditions.  Figure  5  compares  SEMs  taken  of  the 
polished  surfaces  of  sintered  materials  made  with  Sumitomo  Al^O^  and  those 
made  with  classified  Reynolds  A^O^.  The  pore  sizes  as  observed  in  the 
SEMs  decreased  for  sintered  samples  containing  classified  Reynolds  A^O^  as 
the  samples'  relative  densities  increased.  This  suggests  that  Reynolds 
AljO^ ,  which  was  classified  for  this  study  into  a  0.2-0.3-/tfn  particle-size 
range,  yielded  sintered  materials  with  higher  densities  than  were  obtained 

with  the  Sumitomo  AKP-HP  A^O^  due  to  both  the  classified  powder's  narrower 
particle-size  distribution  and  its  smaller  particles. 

Based  on  the  above  results,  the  following  experiments  were  performed 
using  the  materials  and  powder  preparation  conditions  shown  in  Table  1. 
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Table  1.  Materials  and  conditions  used  in  this  study  to  prepare  A^O^- 
TiOj  powder  using  the  flocculation  technique. 


A12°3 

0.2-0.3-^m  classified 

Reynolds  alumina  (RC-172DBM) 

Ti02 

0.03-pm  Degussa  titania  (P-25) 

Starting  composition 

5.0,  10.0,  15.0,  and  20.7  wt%  Ti02 

Ratio  of  powder  weight 
to  PVA  solution  volume 

1:10  (g:ml) 

PVA  concentration 

1.0  wt% 

Volume  ratio  of 

PVA  solution  to  acetone 

1  :  1.25 

PH 

2. 0-3.0 

Sonicatlon  time 

20  min  (20  KHz,  100  W) 

Decomposition  Behavior  of  Al^TiO^ 

The  decomposition  behavior  of  A^TiO^  in  the  sintered  materials 
containing  Al^^  and  A^2^^°5  was  stu<**-ed  between  the  annealing  temperatures 
of  800*C  and  1250*C  (Fig.  6).  Samples  with  the  starting  composition  of 
20.7  wt%  TIO2  were  sintered  at  1500* C  for  2  h,  then  annealed  for  6  h  at 
various  temperatures  without  being  cooled  to  room  temperature.  The  fastest 
decomposition  occurred  at  1050*C,  the  slowest  above  -1200*C  and  below 
-900* C,  as  shown  by  Figure  6.  The  results  shown  in  this  figure  are 
consistent  with  recent  results  obtained  for  the  decomposition  behavior  of 
A^TiO^  solid  solutions  (6).  A  consideration  of  aluminum  titanate's 
thermodynamic  stability  alone  is  not  enough  to  understand  this  material's 
decomposition  behavior,  because  its  decomposition  seems  also  to  be 
associated  with  some  strain  energy  (7)  due  to  the  strong  thermal  anisotropy 
of  the  A^TiOj  crystal.  One  possible  additional  explanation  is  that  the 


1050*C  temperature  favors  release  of  this  strain,  resulting  in  rapid 
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decomposition  during  annealing.  Consequently,  the  decomposition  behavior 
could  be  explained  by  a  low  driving  force  near  the  decomposition 
temperature  and  slow  kineticc  at  the  low  temperatures. 

Based  on  the  above  results,  a  second  experiment  was  conducted  with  an 
annealing  temperature  of  1050*C.  The  decomposition  behavior  of  A^TiO^. 
versus  annealing  time  is  shown  in  Figure  7.  Two  different  sets  of 
sintering  conditions  were  employed:  1350®C/0.16  h  and  1500®C/2  h.  The 
former  sintering  conditions  led  to  faster  A^TiO,.  decomposition  than  did 
the  latter,  possibly  due  to  residual  TiOj  before  A^TiO,.  decomposition, 
especially  in  the  early  stages  of  decomposition.  However,  Al^TiO^  was 
difficult  to  completely  decompose  in  an  annealing  time  of  less  than  12  h. 
These  results  form  the  basis  for  our  speculation  that  some  microstructural 
control  of  the  A^O^-TK^  system  can  be  achieved  using  cyclic  annealing. 

Microstructural  Control  by  Cyclic  Annealing 

Ten  sintering/annealing  schedules  were  used  for  powders  containing 
20.7  wt%  Ti02-  The  first  sets  of  sintering  conditions  and  annealing 
conditions  used  were  1500*C/2  h  and  either  1050*C/6  h  or  1050“C/3  h, 
respectively.  The  second  set  of  sintering  conditions  employed  was 
1350°C/0.16  h,  since  a  small  amount  of  TiO^  was  expected  to  promote  Al^TiO^ 
decomposition  at  this  temperature.  The  heating  and  cooling  rates  were  both 
10*C/min  in  all  cases.  The  results  are  shown  in  Table  2.  The  relative 
densities  obtained  in  the  annealed  materials  decreased  from  95.6%  to  93.3% 
of  theoretical  as  the  number  of  annealing  cycles  increased  (Conditions  B, 

C,  and  D) ;  note  that  the  relative  density  after  sintering  at  1500lC  for  2  h 
was  97.9%  of  theoretical. 
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Table  2.  Densities  and  phase  compositions  of  samples  sintered  and/or 

annealed  under  the  designated  conditions  (continued  next  page) . 


Condition 

A 

B 

C 

D 

E 

Temp/time 

1500/2 

1500/2 

1500/2 

1500/2 

1500/2 

(*c/h) 

1050/6 

1050/6 

1050/6 

1050/6 

1350/0. 

.16 

1350/0.16 

1280/12 

1050/3 

1050/3 

1350/0.16 

1050/3 

1350/0.16 

1050/3 

#  Annealing 
cycles 

0 

1 

2 

4 

1 

#  Reheats 

0 

0 

0 

0 

1 

Density  (g/ml) 

3.776 

3.798 

3.747 

3.681 

3.842 

Al203  (vt%) 

54.8  ±  2.7 

70.6  ± 

1.9 

64.0  ± 

2.0 

67.0  ±  1.8 

69.4  ±  0.4 

Ti02  (wt%) 

0 

12.9  ± 

0.8 

9.8  ± 

0.5 

10.0  ±  0.4 

10.3  ±  0.5 

Al2Ti05  ( wt% ) 

45.2 

16.5 

26.2 

23.0 

20.3 

Relative 
density  (%TD) 

97.9  ±  1.6 

95.6  ± 

1.8 

95.1  ± 

1.9 

93.3  ±  1.7 

97.1  ±  0.4 
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Table  2  (cont'd).  Densities  and  phase  compositions  of  annealed  materials. 


Condition 

F 

G 

H 

I  J 

Temp/ time 
<°C/h) 

1350/0.16 

1050/6 

1280/12 

1350/0.16 

1050/3 

1350/0.16 

1050/6 

1280/12 

1350/0.16 
1050/6 
( above 
sequence 

3  times) 
1350/0.16 
1050/12 
1280/12 

1350/0.16  1350/0.16 

1050/3  1050/3 

1280/6  1280/6 

1350/0.16  (above 

1050/6  sequence 

1280/12  3  times) 

1350/0.16 
1050/6 

1280/12 

#  Annealing 
cycles 

1 

2 

4 

2  4 

#  Reheats 

1 

1 

1 

2  4 

Density  (g/ml) 

3.887 

3.870 

3.812 

3.884  3.846 

Al203  (wt%) 

65.4  ±  1.6 

74.6  ±  3.4 

68.6  ±  3.8 

68.2  ±  1.6  66.1  ±  1.3 

Ti02  (wt%) 

12.2  ±  0.7 

13.4  ±  0.4 

12.5  ±  0.5 

12.6  ±  0.5  11.6  ±  0.9 

Al2Ti05  (wt%) 

22.4 

12.0 

18.9 

19.2  22.3 

Relative 
density  (%TD) 

98.3  ±  1.6 

97.0  ±  3.3 

96.1  ±  3.7 

97.9  ±  1.6  97.3  ±  1.3 

The  microstructures  of  these  materials  are  shown  in  Figure  8. 
Rectangular  grains  appeared  during  annealing,  but  the  bulk  materials 
coarsened  and  the  pores  grew  after  annealing.  These  microstructural 
changes  resulted  from  density  changes  during  AljTiO^  decomposition.  The 
theoretical  densities  of  a-Al^O^,  TiOj  (rutile),  and  Al^TiO^  are  3.987, 
4.250,  and  3.702  g/ml,  respectively.  The  sintered  materials  had  a 
composition  of  52.8  wt%  Al203  *  ^ ^  wt%  A^2^^5’  SO  calculated 

theoretical  density  should  be  3.853  g/ml.  If  the  A^TiO^  had  completely 
decomposed,  the  sample  composition  would  have  changed  to  79.3  wt%  A^O^  and 
20.7  wt%  TiO^,  with  a  resultant  theoretical  density  increase  to 
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4.042  g/ml .  This  means  that  the  solids  would  have  undergone  a  4.7%  volume 
decrease  due  to  AljTiO^  decomposition,  a  volume  shrinkage  reasonable  for 
the  coarsening  actually  observed  in  the  material  after  annealing. 

It  was  determined  that  after  each  annealing  cycle,  a  reheating 
treatment  was  necessary,  the  conditions  of  which  would  allow  a  higher 
density  but  still  limit  A^TiO^  reformation.  Figures  9  and  10  show  X-ray 
diffraction  patterns  of  specimens  with  a  starting  composition  of 
20.7  wt%  Ti02,  heated  for  3-24  h  at  1250*C  or  1280°C.  At  1250°C,  a  trace 
of  Al2TiO^  was  observed  after  heat  treatment  for  3  h;  the  peak  height  of 
Al2Ti0^  increased  slightly  with  heating  time.  However,  Al2TiO^  formation 
was  very  slow:  only  a  small  amount  of  Al2Ti0^  was  detected  even  after 
heating  for  24  h.  The  formation  reaction  rate  was  slightly  higher  at 
1280*C  than  at  1250*C  (Fig.  10).  These  results  indicate  that  Al2TiO^ 
formation  takes  place  even  below  1250*C,  though  the  reaction  rate  is  slow. 

Figure  11  shows  a  series  of  changes  in  the  X-ray  diffraction  patterns 
for  Al2Ti05  formation  (1350*C/0. 16  h)  ,  Al2T105  decomposition  (1050°C/6  h)  , 
and  four  reheating  treatments.  A  small  amount  of  Ti02  (rutile)  was 
observed  in  the  specimen  heated  at  1350’C  for  0.16  h,  due  to  incomplete 
Al2TiO,-  formation  (Fig.  Ilf).  Most  of  the  Al2Ti0^  decomposed  to  A^O^  and 
Ti02  when  annealed  at  1050*C  for  6  h  (Fig.  lie).  A  slight  increase  in 
Al2TiO^  content  was  also  observed  after  reheating  for  12  h  at  1250'C  or 
1280*C  (Figs,  lib  and  c) ,  but  no  significant  change  is  apparent  in  the 
X-ray  diffraction  patterns  of  specimens  reheated  at  1220’C  (Fig.  lid)  and  in 
the  patterns  of  specimens  that  were  not  reheated  (Fig.  lie).  This 
indicates  that  Al2TiO^  reformation  occurred  above  1250* C  for  the  heating 
time  employed  in  this  study.  However,  complete  Al2Ti0^  reformation  took 
place  only  after  reheating  at  1300° C  for  12  h,  suggesting  that  a  rapid 
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formation  reaction  occurs  between  1290“C  and  1300®C  (Fig.  11a).  Therefore, 
a  reheating  treatment  of  1280°C  for  6  or  12  h  can  be  employed  after  each 
annealing  cycle  to  increase  the  density  of  annealed  materials,  because  the 
A^TiO^  formation  reaction  is  still  slow  at  1280°C. 

The  relative  density  of  samples  increased  from  95.6%  to  97.1%  of 
theoretical  when  such  a  treatment  was  incorporated  (compare  Conditions  B 
and  E  in  Table  2).  A  density  of  98.3%  was  obtained  by  reheating,  even  when 
the  first  sintering  conditions  were  1350*0/0.16  h,  as  in  Condition  F. 
Therefore,  the  samples  were  sintered  at  1350*C  for  0.16  h  before  cyclic 
annealing  for  Conditions  F  through  J.  The  annealed  materials  contained 
more  A^TiO^  chan  TiO^  (see  Conditions  E,  F,  H,  I,  and  J;  -19-22  wt% 
A^TiO^,  -10-13  wc%  TiC^).  The  higher  A^TiO,.  compositions  are  due  to 
A^TiO^  reformation  during  the  reheating  treatment  at  1280*C.  The  relative 
densities  obtained  were  all  more  than  96%,  but  decreased  from  98.3  to  96.1% 
of  theoretical  as  the  number  of  annealing  cycles  increased  (compare 
Conditions  F,  G,  and  H) .  When  samples  were  reheated  after  each  annealing 
cycle,  the  density  increased  from  96.1  to  97.3%  of  theoretical  (compare 
Conditions  H  and  J).  Even  so,  the  density  obtained  using  Condition  J  was 
lower  than  that  obtained  using  Condition  I.  Relative  densities  obtained 
for  the  annealed  materials  are  summarized  in  Figure  12. 

Figure  13  shows  typical  microstructures  of  samples  annealed  under 
Conditions  E,  F,  I,  and  J.  These  materials  show  denser  microstructures 
than  do  those  prepared  without  the  reheating  treatment.  The  grains 
obtained  under  Condition  E  are  smaller  than  those  obtained  under  Condition 
F.  The  grain  size  also  increased  slightly  when  the  number  of  reheating 
cycles  was  increased,  as  under  Conditions  I  and  J,  indicating  that  the 
grain  size  of  annealed  materials  depends  on  both  the  first  sintering 
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condition  and  the  number  of  reheating  treatments.  The  conditions  of 
1350*C/0.16  h  are  favorable  because  the  grains  produced  are  still  small. 
Conditions  I  and  J,  which  incorporate  2  cycles/  2  reheating  treatments  and 
4  cycles/  4  reheating  treatments,  respectively,  not  only  produced  irregular 
grains,  but  also  caused  white  or  grey  grains  (possibly  TiOj  or  A^TiO,.)  to 
intertwine  with  the  A^O^  grains  •  These  microstructural  changes  could  be 
due  to  the  cyclic  decomposition  and  formation  reaction  of  A^TiO^. 

Effects  of  Settling  and  Starting  Composition  on  Annealed  Materials' 
Properties 

The  mechanical  strength  of  a  ceramic  material  is  determined  by  its 
surface  defects  and  internal  defects,  which  are  associated  primarily  with 
processing.  In  this  study,  a  settling  step  was  incorporated  into  the 
processing  procedure  to  eliminate  possible  agglomerates,  inclusions,  dust, 
etc.  The  powder  preparation  method  used  was  that  described  above,  except 
that  the  suspension  was  allowed  to  settle  for  24  h  after  sonication.  Table 
3  summarizes  the  properties  of  materials  formed  through  processes  that 
incorporated  both  a  settling  step  and  an  annealing  step  (Conditions  E,  F, 

I,  and  J),  performed  on  powder  with  a  starting  composition  of  20.7  wt% 

TiC^.  Figure  14  shows  relative  densities  for  the  annealed  materials  formed 
with  and  without  the  settling  step;  there  was  no  significant  difference 
between  the  relative  densities  of  materials  produced  with  and  without  the 
settling  step.  The  highest  densities  were  around  97  and  98%  of 
theoretical;  densities  greater  than  99%  of  theoretical  were  difficult  to 
obtain.  The  highest  relative  density  was  obtained  using  annealing 
condition  F  (1  cycle/  1  reheating  treatment,  1350*0/0.16  h  sintering 
conditions) .  The  density  then  gradually  decreased  as  the  number  of 
annealing  cycles  increased,  as  shown  by  a  comparison  of  Conditions  I  and  J. 
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Table  3.  Densities  and  phase  compositions  of  annealed  materials  formed 
through  processes  incorporating  a  settling  step. 


Condition 

E 

F 

I 

J 

Temp/time 

(°C/h) 

1500/2 

1050/6 

1280/12 

1350/0.16 

1050/6 

1280/12 

1350/0.16 

1050/3 

1280/6 

1350/0.16 

1050/6 

1280/12 

1350/0.16 
1050/3 
1280/6 
( above 
sequence 

3  times) 
1350/0.16 
1050/6 
1280/12 

#  Annealing 
cycles 

1 

1 

2 

4 

#  Reheats 

1 

1 

2 

4 

Density  (g/ml) 

3.899 

3.923 

3.898 

3.867 

Al203  (wt% ) 

78.5  ±  2.1 

73.9  ±  2.2 

77.8  ±  2.7 

77.5  ±  3. 

Ti02  (wt%) 

10.5  ±  0.6 

11.7  ±  0.4 

12.2  ±  0.3 

11.9  ±  0.. 

Al2Ti03  (wt%) 

11.0 

14.4 

10.0 

10.6 

Relative 
density  (%TD) 

97.9  ±  2 

98.6  ±  2.2 

97.7  ±  2.8 

97.0  ±  3. 

The  phase  compositions,  as  determined  by  quantitative  X-ray  analysis, 
for  the  annealed  materials  with  and  without  the  settling  step  are  shown  in 
Figure  15.  The  figure  shows  an  increase  in  Al^O^  and  a  decrease  in  Al^TiO^ 
content  attributable  to  settling,  with  no  change  in  the  Ti02  (rutile) 
content.  This  suggests  that  some  change  in  composition  could  occur  during  ' 
settling. 

Figure  16  shows  bulk  and  relative  densities  versus  starting  powder 
compositions  for  materials  annealed  under  Condition  I  (2  cycles/  2 
reheating  treatments,  sintering  conditions  of  1350*C/0.16  h) .  Four  powder 
compositions  --  5.0,  10.0,  15.0,  and  20.7  wt%  TiO^  --  were  employed  for 
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this  experiment.  Table  4  shows  the  properties  of  the  annealed  materials. 

The  relative  densities  for  starting  Ti02  compositions  of  5  and  10  wt% 
reached  99.6%  of  theoretical,  a  high  level.  The  relative  densities 
decreased  from  99.1  to  97.7%  of  theoretical,  however,  as  the  starting  TiO^ 
composition  increased  from  15  to  20.7  wt% . 

Table  4.  Densities  and  phase  compositions  of  annealed  materials  with 

the  designated  starting  powder  compositions,  annealed  using  Condition  F. 


Starting  composition  (wt%  TiOj) 

5.0 

10.0 

15.0 

20.7 

Density  (g/ml) 

3.945 

3.950 

3.941 

3.898 

Al203  (wt%) 

85.7  ±  3.7 

82.0  ±  1.5 

78.9  ±  4.4 

77.8  ± 

2.7 

Ti02  (wt%) 

2.6  ±  0.3 

5.4  ±  0.3 

8.9  ±  0.5 

12.2  ± 

0.3 

Al2Ti05  (wt%) 

11.7 

12.6 

12.2 

10.0 

Relative 
density  (%TD) 

99.6  ±  3.8 

99.6  ±  1.5 

99.1  ±  4.4 

97.7  ± 

2.8 

Figure  17 

shows  phase 

compositions  versus 

starting  powder 

compositions.  The  final  Ti02  content  increased  from  2.6  to  12.2  wt%  as  the 
starting  Ti02  composition  •  increased  from  5.0  to  20.7  wt% .  The  A^TiO^ 
content,  however,  did  not  significantly  change  with  the  starting  powder 
composition. 

Tables  5  and  6  show  the  amount  of  titanium  converted  to  titanium  oxide 
for  each  annealing  condition,  as  calculated  from  the  phase  compositions  of 
each  material.  The  results  indicate  that  for  all  but  the  starting 
compositions  of  5.0  and  10.0  wt%  TiOj,  a  small  weight  percent  of  titania 
powder  was  presumably  lost  during  settling;  note,  however,  that  in  Table  5 
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Table  5.  Change  in  powder  composition  due  to  settling  (calculations  based 

on  phase  composition,  as  determined  by  X-ray  quantitative  analysis). 


TITANIUM  CONTENT 

(WT%),  SHOWING  CONVERSION 

TO  Ti02 

E  F 

CD  Cl) 

Annealing  Condition 
(Number  of  cycles) 

I  J  Average 

(2)  (4)  Content 

Starting 

Content 

Without  settling 

19.2  22.0 

21.0  21.4 

20.9 

20.7 

With  settling 

15.3  18.0 

16.6  16.6 

16.6 

20.7 

Table  6.  Change  in  powder  composition  attributable  to 

settling. 

TITANIUM  CONTENT 

(WT%) ,  SHOWING  CONVERSION 

TO  Ti02 

Starting  powder 

5.0 

10.0 

15.0 

20.7 

With  settling 

7.7 

10.9 

14.3 

16.6 

the  calculated  amount  of  titanium  oxide  is  higher  than  the  starting 
composition  for  the  5.0  and  10.0  wt%  Ti02  compositions. 

Figure  18  shows  polished,  etched  SEMs  of  the  materials  annealed  using 
Conditions  E,  F,  I,  and  J  and  incorporating  the  settling  step,  for  powders 
with  the  starting  composition  of  20.7  wt%  Ti02;  note  how  similar  these 
microstructures  are  to  those  obtained  without  the  settling  step  (Fig.  13). 
The  largest  grain  size  was  obtained  from  samples  processed  under  Condition 
E,  when  the  initial  sintering  conditions  were  1500°C/2  h;  the  smallest 
grain  size  was  obtained  using  Condition  F  (1  cycle/  1  reheat,  sintering 
conditions  of  1350*C/0.16  h) ;  an  increase  in  grain  size  accompanied  an 
increase  in  the  number  of  cycles.  The  pore  sizes  observed  in  SEMs  for 
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Conditions  E  and  J  are  slightly  larger  than  those  observed  in  samples 
processed  under  Conditions  F  and  I,  but  they  are  still  less  than  -5  /im,  and 
are  discrete  and  homogeneously  distributed.  The  samples  obtained  using 
Conditions  E  and  J  also  show  irregularly  shaped  grains  and  a  homogeneously 
distributed  second  phase  surrounded  by  an  A^O^  matrix. 

Microstructural  changes  in  relation  to  starting  powder  composition  are 
shown  in  Figure  19  for  the  materials  annealed  using  Condition  I  (2  cycles/ 

2  reheat  treatments,  sintering  conditions  of  1350*0/0.16  h) .  The 
materials  with  starting  compositions  of  5.0  and  10.0  wt%  TiO^  were  most 
dense;  the  pore  sizes  increased  slightly  with  an  increase  in  TiO^  content, 
a  result  consistent  with  the  relative  densities  obtained  for  these 
materials.  Their  microstructures  are  generally  fine,  and  contain 
irregularly  shaped  grains  that  are  homogeneously  distributed.  A  small 
amount  of  Ti02  (<1.0  wt%)  is  known  to  promote  grain  growth  and 
densif ication  of  A^O^  (8) >  however,  no  significant  change  in  grain  size 
accompanied  an  increase  in  the  starting  powder's  TiO^  composition  from  5.0 
to  20.7  wt%.  Consequently,  this  unique  process  combining  cyclic  annealing 
with  a  reheat  treatment  yielded  materials  with  an  almost  constant  grain 
size  and  constant  AljTiO^  content  over  a  wide  range  of  starting  powder 
compositions ,  from  5.0  to  20.7  wt%  Ti02 .  The  interesting  microstructures 
obtained  for  A^O^  composites  interspersed  with  A^TiO,.  and  Ti02  could 
prove  to  have  unique  mechanical  properties. 

CONCLUSIONS 

Flocculation  and  cyclic  annealing  were  studied  as  possible  means  for 
processing  and  controlling  the  microstructure  of  Al202*Ti02  composites. 

The  results  obtained  in  this  study  are  summarized  below. 
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1.  A  flocculation  technique  can  be  applied  to  the  Al202'Ti02  system  to 
obtain  homogeneous  green  bodies;  the  densities  obtained  for  the 
sintered  materials  were  independent  of  PVA  concentrations  between  0.2 
and  1.0  wt%. 

2.  Classified  Reynolds  AljO^  (a  cut  of  0.2-0.3-^m  particles)  yielded 
sintered  A^O^-TiOj  composites  with  higher  densities  than  were  obtained 
with  Sumitomo  A^O^.  due  to  the  Reynolds  powder's  narrower  particle- 
size  distribution  and  smaller  particles. 

3.  The  densities  of  the  annealed  materials  decreased  as  the  number  of 
annealing  cycles  increased,  due  to  the  volume  shrinkage  associated  with 
A^TiO^  decomposition;  a  reheating  treatment  was  therefore  deemed 
necessary  to  increase  the  annealed  materials'  densities. 

4.  Combining  cyclic  annealing  with  a  reheating  treatment  led  to 
interesting  raicrostructures  in  A^O^  composites  interspersed  with 
A^TiO^  and  T102 .  The  composites  contained  irregular,  intertwined 
grains,  suggesting  that  they  would  exhibit  unique  mechanical 
properties . 

REFERENCES 

1.  tf.R.  Buessem,  N.R.  Thielke,  and  R.V.  Sarakauskas,  "Thermal  Expansion 
Hysteresis  of  A^TiO^,"  Ceramic  Age.  60  [5]  38-40  (1952). 

2.  S.M.  Lang,  C.L.  Filmore,  and  L.H.  Maxwell,  "The  System  Beryllia- 
Alumina-Titania:  Phase  Relations  and  General  Physical  Properties  of 
Three -Component  Porcelains,"  J.  Res.  Nat.  Bur.  Stds..  48,  298-312 
(1952). 


3.  W.C.  Moffatt  and  H.K.  Bowen,  "Composite  Ceramics  Production  by 

Precipitation  of  Polymer  Solutions  Containing  Ceramic  Powder,  "  J . 
Mat.  Sci.  Lett..  6,  383-85  (1987). 


140 


S.  Kamiya  AFOSR/1988  CYCLICALLY  ANNEALED  COMPOSITES:  PROCESSING/CONTROL 

4.  S.  Kamiya  and  H.K.  Bowen,  "Microstructural  Control  of  A^Oj-TiO. 
Composites  by  Cyclic  Annealing,"  pp.  978-88  in  Ceramic  Transactions: 
Ceramic  Powder  Science  II.  the  Proceedings  of  the  First  International 
Conference  on  Ceramic  Powder  Processing  Science  (11/1-4/87,  Orlando, 
FL) .  Edited  by  G.L.  Messing,  E.R.  Fuller,  Jr.,  and  H.  Hausner.  The 
American  Ceramic  Society,  Inc.,  Westerville,  OH,  1988. 

5.  B.D.  Cullity,  Elements  of  X-Ray  Diffraction.  Addison-Wesley  Publishing 
Co.,  Reading,  MA,  1978. 

6.  M.  Ishitsuka,  T.  Sato,  T.  Endo,  and  M.  Shimada,  "Synthesis  and  Thermal 
Stability  of  Aluminum  Titanate  Solid  Solutions,"  J .  Am.  Ceram.  Soc . . 

70  [2]  69-71  (1987). 

7.  B.  Freundenberg  and  A.  Mocellin,  "Aluminum  Titanate  Formation  by 

Solid-State  Reaction  of  Coarse  A1„0.  and  TiO„  Powders,"  J.  Am.  Ceram. 
Soc. .  71  [1]  22-28  (1988).  1  J  1 

8.  C.  Hwang,  Z.  Nakagawa,  and  K.  Hamano ,  "Microstructures  and  Mechanical 
Properties  of  TiO„-Added  Alumina  Ceramics,"  J.  Ceram.  Soc.  Japan.  94 
[8]  761-66  (1986)7 


141 


S.  Kamiya  AFOSR/1988  CYCLICALLY  ANNEALED  COMPOSITES:  PROCESSING/CONTROL 


0  0-10  0-20  0-30  0-40  (350  060  070  0-00  090 

X-RAY  PEAK  RATIO 


Figure  1.  Calibration  curves  for  Ti02 (rutile)  and  a  Al^O-  content  versus 

X-ray  peak- intensity  ratio;  as  determined  by^tRe  internal  standard 
method. 


02  0-4  0-6  08  1  0 

CONCENTRATION  OF  PVA  SOLUTION  (wt%) 


Figure  2.  Relative  density  versus  polyvinyl  alcohol  concentration  for 

AljOj-Al^TiO^  samples  having  a  starting  powder  composition  of 
20.7  wt%  TiO  containing  Sumitomo  Al-C.  and  sintered  at  1500°C 
for  0 . 5  or  2 .0  h.  ' 


Figure  3. 


Figure  4. 


SEMs  of  polished  surfaces  of  Al^O  -A^TiO  samples  made  with 
Sumitomo  Al  0.  and  a)  0.2  wt%  or  5)  1.0  wt%  polyvinyl  alcohol, 
fired  at  1500^0  for  0.5  h. 
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Relative  density  versus  sonication  time  for  Alo0., -Al^T: n 
samples  having  a  starting  powder  composition  of  ^0 . 7“wl  .  Ti0o 
using  Sumitomo  and  classified  Revnolds  Alo0  and  sintering 
conditions  of  1500* C  for  either  0.5  or  2.0  h. 


Figure  8.  SEMs  of  the  polished,  etched  surfaces  of  cyclically  annealed 

materials  obtained  using  a)  Condition  E,  b)  Condition  C,  and  c) 
Condition  D  (see  Table  2). 
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Figure  11.  X-ray  diffraction  patterns  of  Al.O_-TiO  specimens  having  a 

starting  powder  composition  of  20.7  wt%ZTiO  ,  and  sintered  or 
annealed  according  to  the  following  schedules:  a)  1350°C/0.16  h 
-  1050*C/6  h  -  1300"C/12  h,  b)  1350*C/0.16  h  -  1050°C/6  h  - 
1280*C/12  h.  c)  1350*C/0.16  h  -  1050°C/6  h  -*  1250°C/12  h, 
d)  1350°C/0 . 16  h  -  1050*C/6  h  -  1220'C/12  h,  e)  1350°C/0.16  h  ■* 
1050*C/6  hf  and  f)  1350*C/0.16  h. 


Figure  12.  Relative  densities  of  materials  after  various  cyclic  annealing 
schedules . 
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ANNEAUNG  CONDITIONS 

Figure  14.  Relative  densities  of  annealed  materials  that  had  a  starting 
powder  composition  of  20.7  wt%  TiO-,  formed  through  processes 
with  and  without  a  settling  step. 
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Figure  15.  Phase  compositions  of  annealed  materials  with  a  starting  powder 
composition  of  20.7  wt%  TiOj ,  formed  through  processes  with  and 
without  a  settling  step. 
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Figure  16.  Bulk  and  relative  densities  versus  starting  powder  composition 
for  materials  annealed  using  Condition  I  (see  Table  2). 


Figure  17.  Phase  content  versus  starting  powder  composition  for  materials 
annealed  using  Condition  I  (see  Table  2). 
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MECHANICAL  PROPERTIES  OF  CYCLICALLY  ANNEALED  Al^-A^TiOj -Ti02  COMPOSITES 

Sumio  Kamiya 

ABSTRACT 

Cyclically  annealed  Al.O^ -Al„TiOe -TiOj  composites  synthesized  from 
powder  containing  5.0  wt%  TiOj  exhibited  an  average  bend  strength  of  580 
MPa  and  an  average  fracture  toughness  of  3.7  MPaVm.  Increasing  the 
starting  TiO?  composition  to  20.7  vt%  reduced  the  bend  strength  to  460  MPa 
and  the  fracture  toughness  to  3.1  MPaTm.  Specimens  denser  than  99%  of 
theoretical  were  strong  and  tough,  but  even  low-density  specimens  with 
large  grains  showed  high  values,  suggesting  that  Al2Ti05  grain  size  and 
the  bonding  strength  between  grains  are  important  determiners  of  a 
composite's  mechanical  properties.  Fractography  revealed  the  composites' 
fracture  origins  to  be  micropores,  very  large  grains,  process -induced 
defects,  and  possibly  surface  flaws  due  to  machining.  The  process -induced 
defects  and  exaggerated  grains  could  be  due,  respectively,  to  the  rather 
high  PVA  solution  concentrations  used  and  the  initial  sintering  condition 
of  1500*C  for  2  h. 


INTRODUCTION 

In  previous  papers,  such  Interesting  microstructural  features  as 
irregularly  shaped  grains,  large  grain-size  distributions ,  and  multiple 
grain  sizes,  phase  compositions,  and  densities  were  reported  for  Al2C>3- 
Al2Ti05-Ti02  composites  in  which  the  Alj^TiO,.  and  Ti02  phases  had  been 
formed  by  cyclic  annealing  (1,  2).  This  paper  evaluates  the  mechanical 
properties  (i.e.,  bend  strength,  fracture  toughness,  Young's  modulus, 
hardness)  of  Al20^-Al2Ti0^-Ti02  composites  obtained  using  various  cyclic 
annealing  conditions,  to  clarify  the  correlations  between  processing, 
microstructure,  and  mechanical  properties. 

Bend  strengths  for  Al20j-Ti02  composites  have  been  reported  by  Hwang 
et  al.  (3),  and  Hori  et  al.  (4)  have  reported  fracture  toughnesses  for 
corundum- rutile  composites.  Nothing  has  been  reported,  however,  for  the 
mechanical  properties  of  three-phase  composites  containing  AljO^,  Al2TiO^, 
and  TiOj.  This  paper  reports  the  first  such  data,  including  the  bend 
strengths  and  fracture  toughnesses  of  these  unique  composites. 
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EXPERIMENTAL  PROCEDURE 

Twenty-five  grams  of  a  powder  mixture  containing  A^O^  (0*  2-0 . 3-/un 
classified  Reynolds  RC-172DBM  without  MgO,  Reynolds  Metals  Co.,  Bauxite,  AR) 
and  either  5.0,  10.0,  15.0,  or  20.7  wt%  TiOj  (Degussa  Corp.  P-25  anatase, 
Teterboro,  NJ)  were  dispersed  in  250  ml  of  an  aqueous  polyvinyl  alcohol 
(PVA)  solution  (1.0  wt%)  that  had  been  vacuum- filtered  through  a  10-20-/im 
glass  frit.  Concentrated  HNO^  was  then  added  to  adjust  the  pH  to  2. 0-3.0. 

The  mixture  was  ultrasonically  agitated  for  20  min  and  allowed  to  settle 
for  24  h  to  eliminate  possible  agglomerates,  inclusions,  dust,  etc.  The 
upper  stable  suspension  (180  ml)  was  removed  by  cannulation  using  a  pipet, 
homogenized  for  1  h  in  a  ball  mill  containing  no  milling  media,  then 
flocculated  with  225  ml  of  reagent-grade  acetone.  The  floes  were  colloid- 
pressed  into  pellets  -38  mm  in  diameter  and  -7  mm  thick;  the  applied 
pressure  and  holding  time  were  35  MPa  and  30  min,  respectively. 

The  pellets  were  dried  in  air,  first  at  room  temperature  for  6  h,  then 
at  60*C  for  12  h;  this  was  followed  by  a  PVA  burnout  procedure  of  heating 
at  a  rate  of  l*C/min  to  600* C  and  holding  at  temperature  for  1  h.  The 
pellets  were  then  isopressed  at  280  MPa  for  1  min  and  annealed  under  one  of 
several  sets  of  conditions  (Fig.  1).  The  initial  sintering  condition  was 
1500“C  for  2  h  for  Condition  A,  and  1350*C  for  0.16  h  for  Conditions  B,  C, 
and  D.  The  number  of  annealing  cycles  used  for  Conditions  A,  B,  C,  and  D 
were  1,  1,  2,  and  4,  respectively. 

The  bulk  density  of  each  annealed  pellet  was  measured  by  Archimedes' 
method  using  reagent-grade  n-butanol.  Quantitative  X-ray  phase  analyses 
were  done  for  powdered  specimens  of  the  annealed  materials  using  a  powdered 
single  crystal  of  silicon  as  an  internal  standard  material. 

Each  annealed  pellet  was  machined  for  mechanical  testing  into  10 
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specimens,  each  measuring  2  x  1.5  x  25.0  mm.  Approximately  0.2  mm  was  also 
removed  from  each  corner  of  the  specimens.  The  4-point  bend  test  was 
performed  using  a  jig  having  an  inner  span  of  10  mm,  an  outer  span  of  20 
mm,  and  a  crosshead  speed  of  0.25  mra/min  (Model  1125  Electrochemical 
Testing  System,  Instron  Corp. ,  Canton,  MA) . 

Fracture  toughness,  KT_,  of  the  annealed  materials  was  measured  by 

lv 

the  indentation  method  using  the  following  equation  (5): 

1/2  -3/2 

KIC  -  C(E/Hv)  (P-C  )  (1) 

where  £  is  a  constant  (0.016),  K^c  is  the  fracture  toughness  (MPa/in) ,  is 
the  Vickers  hardness  measurement  (GPa) ,  E  is  Young's  modulus  (GPa) ,  P  is 
the  indentation  load  (N) ,  and  C  is  the  average  crack  length  (/im)  . 

Indentations  were  made  using  an  indentation  load  of  49  N.  A  specimen  3x4 
x  27  mm  was  cut  from  the  annealed  pellet  to  determine  Young’s  modulus, 
which  was  measured  from  the  elastic  deflection  for  four-point  bending 
(inner  span,  10  mm;  outer  span,  25  mm)  using  the  equation  E  -  a/c,  in  which 
a  is  the  four-point  bend  stress  at  a  load  of  245  N,  and  c  is  the  strain  as 
monitored  by  strain  gauges  (Kyowa  Electronic  Instruments  Co. ,  Ltd. ,  Type 
KFC-1-D9-11)  attached  to  the  specimen's  lower  surface. 

Scanning  electron  micrographs  (SEMs)  were  taken  of  the  fracture 
surfaces  after  the  bend  test  to  determine  fracture  origins  and  the  fracture 
mode. 

RESULTS 

Relation  of  Annealed  Material  Properties  to  Starting  Powder  Composition 

Table  1  summarizes  the  densities,  phase  compositions,  and  mechanical 
properties  of  materials  with  starting  powder  compositions  of  5.0,  10.0, 
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Table  1.  Densities  and  phase  compositions  of  annealed  materials  with  the 
specified  starting  powder  compositions,  annealed  under  Condition 
C. 


Starting 

Powder  Composition  (TiO.  vt%) 

Properties  of 

Annealed  Materials 

5.0 

10.0 

15.0 

20.7 

Bulk  density  (g/ml) 

3.945 

3.950 

3.941 

3.898 

Relative  density 
(%  of  theoretical) 

99.6  ±  3.8 

99.6  ±  1.5 

99.1  ±  4.4 

97.7  ±  2.8 

A^Oj  content  (wt%) 

85.7  ±  3.7 

82.0  ±  1.5 

78.9  ±  4.4 

77.8  ±  2.7 

Ti©2  content  (wt%) 

2.6  ±  0.3 

5.4  ±  0.3 

8.9  ±  0.5 

12.2  ±  0.3 

A^TiO,.  content  (wt%) 

11.7 

12.6 

12.2 

10.0 

Bend  strength  (MPa) 

580  ±  100 

550  ±  80 

550  ±  80 

460  ±  60 

Weibull  parameter 

6.2 

8.0 

8.3 

9.5 

Fracture  toughness 
(MPa/5) 

3.7  ±  0.5 

3.4  ±  0.1 

3.2  ±  0.2 

3.1  ±  0.2 

Young's  modulus  (GPa) 

360 

360 

350 

320 

Vickers  hardness  (GPa) 

13.3 

13.1 

13.0 

11.5 

15.0,  and  20.7  wt%  HO2,  annealed  under  Condition  C  (2  cycles/2  reheats, 
sintered  at  1350°C  for  0.16  h:  Fig.  1).  A  Weibull  plot  of  these  materials' 
bend  strengths  is  shown  in  Figure  2.  The  highest  average  bend  strength, 

580  MPa,  was  obtained  for  samples  made  with  5.0  wt%  TiO^,  though  the 
strengths  of  such  samples  ranged  from  370  to  700  MPa.  At  10.0  and  15.0  wt% 
Ti02,  the  average  strength  was  550  MPa;  this  decreased  to  460  MPa  at  20.7 
wt%  Ti02.  The  Weibull  moduli  ranged  from  6.2  to  9,5  for  these  composites. 
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Fracture  toughness  and  Vickers  hardness  showed  a  similar  tendency  with 
respect  to  the  starting  composition;  and  both  decreased,  from  3.7  to 

3.1  MPa/m,  and  from  13.3  to  11.5  GPa,  respectively. 

Figures  3-5  show  SEMs  of  the  fracture  surfaces  of  annealed  materials 
after  the  bend  tests  had  been  performed.  Figure  3  shows  the  fracture 
surfaces  of  materials  with  a  starting  powder  composition  of  5.0  wt%  Ti02, 
which  produced  specimens  with  the  highest  average  strength.  The  fracture 
origins  of  the  high-strength  (700  MPa)  specimen  in  this  group  were  difficult 
to  determine,  but  obvious  crack-like  defects  (8  x  35  pm)  in  the  mirror 
region  were  the  fracture  origins  in  the  low-strength  (460  MPa)  specimen. 

Figure  4  shows  fracture  surfaces  of  samples  with  a  starting  powder 
composition  of  15.0  wt%  1102?  the  flaws  were,  once  again,  observable  in  the 
low-strength  material  (Figs.  4a  and  b). 

Fracture  surfaces  at  higher  magnifications  are  shown  in  Figure  5  for 
the  range  of  starting  powder  compositions  from  5.0  to  20.7  wt%  Ti02- 
Because  of  the  samples'  fine-grained  microstructures,  the  fracture  modes 
were  mostly  intergranular.  Grains  were  less  than  a  few  micrometers  in 
diameter  regardless  of  the  starting  powder  composition. 

Relation  of  Annealed  Material  Properties  to  Annealing  Conditions 

Table  2  summarizes  the  properties  of  materials  annealed  by  the  four 
cyclic  annealing  schedules  (Fig.  1)  for  the  starting  powder  composition  of 
20.7  wt%  TiC^.  Figure  6  is  a  Weibull  plot  of  bend  strength  versus  failure 
probability  for  each  annealed  specimen.  The  specimens  annealed  with  4 
cycles/4  reheating  treatments  (Condition  D)  had  an  average  bend  strength  of 
520  MPa,  though  the  strengths  ranged  from  >600  MPa  to  <400  MPa.  A  similar 
tendency  was  observed  for  specimens  annealed  using  the  1  cycle/1  reheating 
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Table  2,  Properties  of  annealed  materials  in  this  study. 


Properties  of 

Annealed  Materials 

Annealing  Condition  (A-D) ,  Initial  Sintering 
Conditions  (*C/h),  and  Number  of  Cycles  (1-4) 

(A) 

(B) 

(C) 

(D) 

1500/2 

1350/0.16 

1350/0.16 

1350/0.16 

1 

1 

2 

4 

Bulk  density  (g/ml) 

3.899 

3.923 

3.898 

3.867 

Relative  density 
(%  of  theoretical) 

97.9  ±  2.1 

98.6  ±  2.2 

97.7  ±  2.8 

97.0  ±  3.3 

Al_0_  content  (wt%) 
Ti02  content  (wt%) 

78.5  ±  2.1 

10.5  ±  0.6 

73.9  ±  2.2 
11.7  ±  0.4 

77.8  ±  2.7 
12.2  ±  0.3 

77.5  ±  3.2 
11.9  ±  0.4 

Al^TiO^  content  (wt%) 

11.0 

14.4 

10.0 

10.6 

Bend  strength  (MPa) 

530  ±  80 

470  ±  60 

460  ±  60 

520  ±  110 

Weibull  parameter 

7.3 

9.6 

9.5 

5.3 

Fracture  toughness 
(MPaTm) 

3.7  ±  0.2 

3.6  ±  0.3 

3.1  ±  0.2 

3.5  ±  0.5 

Young's  modulus  (GPa) 

330 

340 

320 

320 

Vickers  hardness  (GPa) 

10.1 

13.1 

11.5 

9.9 

treatment  and  an  initial  sintering  condition  of  1500°C  for  2  h  (Condition 

A) .  The  specimens  annealed  with  1  cycle/1  reheating  treatment  (Condition 

B)  and  2  cycles/2  reheating  treatments  (Condition  C)  had  almost  the  same 
average  bend  strengths,  which  were  lower  than  those  for  specimens  annealed 
under  Conditions  A  and  D,  even  though  the  Weibull  moduli  for  Conditions  B 
and  C  ^ere  higher. 

Fracture  toughnesses  obtained  for  the  specimens  annealed  using 
Conditions  A,  B,  and  D  were  3.7,  3.6,  and  3.5  MPa^m,  respectively;  the 
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lowest  value,  3.1  MPa/m,  was  obtained  for  a  specimen  annealed  under 
Condition  C.  Vickers  hardness  values  ranged  from  9.9  to  13.1  GPa  for  these 
specimens . 

Figures  7-11  are  SEMs  taken  after  the  bend  tests  of  the  fracture 
surfaces  of  annealed  pellets  with  starting  powder  compositions  of  20.7  wt% 
TiO^.  Figure  7  shows  the  fracture  surfaces  of  specimens  annealed  under 
Condition  A,  which  had  the  highest  average  strengths;  the  actual  fracture 
origins  for  the  specimen  with  the  highest  strength  (660  MPa)  was  difficult 
to  determine  (Fig.  7a),  but  a  20-/im  grain  apparent  in  the  tensile  side 
region  of  a  specimen  with  a  strength  of  420  MPa  (Figs.  7a  and  b)  was 
probably  the  fracture  origin  for  this  specimen. 

Figure  8  shows  the  fracture  surfaces  of  specimens  annealed  under 
Condition  B.  The  mirror  region  is  apparent  in  Figure  8  at  the  corners  of 
the  tensile  sides,  but  no  actual  fracture  origins  were  observed  in  this 
region  even  under  higher  magnification  (Fig.  8b).  Surface  flaws  due  to 
machining  were  possibly  the  fracture  origins  for  this  specimen. 

The  fracture  surfaces  of  specimens  annealed  under  Condition  C  are 
shown  in  Figure  9;  note  the  mirror  regions  at  the  tensile  surface.  The 
mirror  region  size  for  the  high-strength  specimen  was  smaller  than  that  for 
the  lower-strenjth  specimen,  as  shown  by  Figures  9a  nd  9c.  A  crack-like 
defect  was  observed  in  the  lower- strength  specimen  (Fig.  9d) . 

The  fracture  surfaces  of  specimens  annealed  under  Condition  D  are 
shown  in  Figure  10;  micropores  less  than  -10  pm  in  diameter  were  observed 
for  specimens  with  strengths  of  620  MPa  (Fig.  10b). 

Figure  11  shows  fracture  surfaces  at  higher  magnifications  for 
specimens  annealed  under  Conditions  A-D.  These  SEMs  indicate  the  primary 
fracture  mode  for  each  condition  to  be  mostly  intergranular,  although  a 
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partial  transgranular  mode  is  also  apparent,  along  with  a  possible  pull-out 
of  such  secondary  phases  as  AljTiO^  and  TiO^.  One  interesting  point  to  be 
drawn  from  Figure  11  is  that  the  specimens  with  larger  grains  (Figs.  11a 
and  d)  had  higher  strengths  than  those  with  smaller  grains  (Figs,  lib  and 
c)  . 

DISCUSSION 

Internal  Cracks  and  Possible  Ways  to  Improve  Proce;  ing 

Fracture  toughness,  K^,  is  expressed  by  the  following  equation  (6): 

Kt  -  a Jane  (2) 

where  a  is  the  strength,  "c"  is  the  internal  crack  size,  and  "a"  is  a 

constant.  The  value  for  "a"  was  proposed  to  be  1.93  if  the  internal  crack 

size  is  very  small  compared  to  the  size  of  the  specimen  (7).  Fractography 

revealed  the  fracture  origins  in  lower- strength  specimens  to  be  exaggerated 

grains  or  crack- like  defects;  the  actual  fracture  origins  in  high-strength 

specimens  were  rather  difficult  to  identify.  The  internal  crack  sizes  as 

calculated  using  the  above  equation  and  experimentally  measured  KT„  values 

it. 

were  between  4.3  and  5.2  m®  for  strengths  above  600  MPa.  It  is  therefore 
reasonable  to  conclude  that  micropores  of  around  5  Mm  were  the  fracture 
origins  for  high-strength  specimens.  For  low-strength  specimens  (-400 
MPa) ,  the  typical  internal  cracks  observed  by  fractography  were  8  x  35  Mm 
crack-like  defects  (Figs.  3c  and  d)  and  20  x  35  m®  large  grains  (Figs.  7a 
and  b) .  The  internal  crack  sizes,  as  calculated  from  the  observed 
strengths  and  fracture  toughnesses,  were  10.6  and  12.9  m®  for  fracture 
origins  of  crack-like  defects  and  exaggerated  grains,  respectively;  these 
calculated  crack  sizes,  however,  are  smaller  than  those  observed.  Strength 
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depends  not  only  on  crack  size  but  also  on  the  shape  of  the  crack  and  its 
orientation  with  respect  to  the  appplied  stress.  For  example,  the  defect 
shown  in  Figs.  3c  and  3d  is  35  pm  long  and  has  a  sharp  edge;  the  sharp 
edge,  however,  is  parallel  to  the  tensile  stress  applied.  Therefore,  this 
specimen  showed  a  relatively  high  strength  of  460  MPa  even  though  the  crack 

was  large  (the  calculated  stress  would  be  250  MPa  for  c  -  35  pm  and  KT  - 

xc 

3.7  MPa/m). 

A  1.0  wt%  (PVA: solvent)  aqueous  PVA  solution  was  employed  in  this 
study  to  produce  floes  suitable  for  colloid  pressing,  because  previous  work 
(1)  has  shown  no  significant  change  in  the  relative  densities  of  sintered 
materials  for  PVA  concentrations  between  0.2  and  1.0  wt%.  Assuming  that 
all  of  the  PVA  in  solution  precipitates  after  adding  acetone,  the  compact 
contains  9.1  wt%  PVA.  Crack- like  defects  could  be  process -induced  by  high 
PVA  concentrations,  and  such  defects  were  difficult  to  eliminate  completely 
even  after  isopressing.  A  lower  PVA  concentration  appears  necessary  to 
eliminate  these  process- induced  defects.  If  process -induced  defects  and 
large  grains  could  be  eliminated,  the  average  bend  strength  would  be  -600- 
700  MPa,  which  is  relatively  high. 

An  additional  experiment  was  therefore  performed  to  examine  the  effect 
of  lower  PVA  concentrations  on  strength.  Powder  containing  20.7  wt%  TiO^ 
was  prepared  using  a  0.4  wt%  PVA  sol  .tion  (instead  of  1.0  wt%),  and  the 
sample  pellet  was  annealed  under  Condition  D  (4  cycles/4  reheating 
treatments).  Unfortunately,  the  annealed  pellet  was  machined  into  only 
five  specimens  --  not  enough  to  evaluate  the  mechanical  data.  Bend 
strengths  for  the  available  samples  are  shown  in  Figure  12.  The  average 
bend  strength  increased  slightly,  from  520  to  540  MPa,  and  the  standard 
deviation  decreased  from  ±110  MPa  to  ±20  MPa  when  the  PVA  concentration  was 
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reduced  from  1.0  to  0.4  wt% .  This  result  suggests  that  reducing  the  PVA 
concentration  could  potentially  eliminate  crack-like  defects.  The  floe 
characteristics  obtained,  however,  were  rather  poor  for  colloid-pressing 
when  the  PVA  concentration  was  0.4  wt%.  Therefore,  an  alternative  method 
for  producing  good  floes  with  a  lower  PVA  concentration  might  be  to  use 
Ti02  powder  with  a  lower  surface  area. 

Relation  of  Mechanical  Properties  to  Starting  Powder  Composition 

Bend  strength  and  fracture  toughness  decreased  as  the  starting 
powder's  TiO ^  content  increased  from  5.0  to  20.7  wt%,  but  the  average  bend 
strengths  were  still  high  (>550  MPa)  in  the  range  from  5.0  to  15.0  wt%  Ti02 
(Fig.  13).  Materials  containing  between  5.0  and  15.0  wt%  Ti02  sintered  to 
densities  higher  than  99%  of  theoretical  and  contained  irregularly  shaped 
grains  less  than  a  few  micrometers  in  length  (2).  Such  microstructures  are 
probably  responsible  for  these  composites'  high  strength.  However,  the 
increase  in  Ti02  content  reduced  the  strength  or  toughness  values  obtained, 
because  it  lowered  the  samples'  density  due  to  an  increase  in  their  rutile 
phase  content,  which  has  poor  mechanical  properties  relative  to  the  A^O^ 
matrix. 

Alumina  composites  interspersed  with  A^TiO,.  are  particularly 
interesting  for  both  their  mechanical  strength  and  their  thermal  expansion 
behavior.  The  main  problem  is  that  an  increase  in  A^TiO^  leads  to  an 
improvement  in  thermal  expansion  behavior  but  a  rapid  reduction  in 
strength.  Interestingly,  for  the  A^O^ -A^TiO^ -TK^  composites  in  this 
study,  no  significant  change  in  AljTiO^  content  (-10-13  wt%)  occurred  over 
the  relatively  wide  Ti02  composition  range  (5.0-20.7  wt%)  in  the  starting 
powder,  due  to  the  unique  processing  combinations  of  cyclic  annealing  and 
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reheat  treatments.  The  various  composites,  which  show  better  thermal 
expansion  behavior  than  does  pure  A^O^,  could  therefore  be  prepared 
without  a  rapid  reduction  in  strength  accompanying  the  increased  amount  of 
TiO^  in  the  starting  powder  composition. 

Relation  of  Strength  to  Grain  Size 

As  mentioned  earlier,  one  interesting  result  of  the  fractography  study 
was  that  rather  large-grained  composites  with  a  starting  composition  of 
20.7  wt%  Ti02  showed  higher  strengths  than  did  those  containing  small 
grains  when  annealed  by  any  of  the  four  annealing  schedules  (Fig.  6). 

Moreover,  they  showed  rather  high  average  strengths  of  520-530  MPa  for 
densities  97-98%  of  theoretical  (Figs.  6  and  13).  One  possible  explanation 
is  as  follows.  As  the  annealed  materials  were  reheated  at  1280°C  for  12  h 
to  increase  their  densities,  some  A^TiO,.  reformed  (2),  resulting  in  volume 
expansion,  which  in  turn  produced  a  compressive  stress  in  the  A^O^  matrix. 
Strength  data  suggest  that  a  critical  grain  size  of  A^TiO,.  is  required  to 
produce  this  compressive  stress,  which  strengthens  the  grain  boundaries. 

The  bonding  strength  between  grains,  associated  with  the  compressive 
stress,  appears  to  be  an  important  factor  in  determining  the  strengths  of 
composites  in  this  study.  Further  studies  of  strength  versus  A^TiO,.  grain 
size  should  be  made  to  confirm  the  above  hypothesis,  under  conditions  that 
would  prevent  the  effects  of  process  -  induced  defects,  exaggerated  grains, 
and  pores  on  composite  strength. 

Relation  of  Annealing  Schedule  to  Strength 

Of  the  four  annealing  schedules,  Conditions  A  and  D  produced  the 
highest  average  strengths.  Both  conditions,  however,  have  disadvantages: 
for  example,  the  initial  sintering  condition  of  1500°C  for  2  h  (Condition 
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A)  often  led  to  exaggerated  grain  growth,  creating  fracture  origins,  and 
for  all  practical  considerations,  Condition  D  requires  too  much  time  (54  h) 
for  its  4  cycles  and  4  reheating  treatments. 

If,  however,  the  initial  sintering  is  conducted  at  a  temperature  below 
1500*C  (at  1400*C/2  h  or  1350°C/2  h,  perhaps)  and  the  starting  TiO^ 
composition  is  less  than  20.7  wt% ,  relatively  high-strength  composites 
could  be  obtained  with  shorter  cycle  times. 

Literature  Review  of  Al^Oj-TiO^  Mechanical  Properties  and  Comparison  to 
This  Study's  Results 

Bend  strengths  have  been  reported  by  Hwang  et  al.  for  compacts 
containing  various  amounts  of  A^O^  anc*  Ti02>  s*-nterec*  at  1500°C  for  2  h 
(3).  The  Hwang  materials,  therefore,  were  two-phase  composites  containing 
both  a^2®3  ancl  AlgTiO..  The  s3®?!®3*  bend  strengths  were  found  to  decrease 
from  -400  MPa  to  250  MPa  as  the  starting  powder's  TiO^  composition 
increased  from  1  wt%  to  16  wt% .  The  composites  formed  in  the  present  study 
were  almost  twice  as  strong  as  Hwang's  for  the  same  starting  composition 
because  of  the  unique  process  used  here  of  flocculating  A^O^  with  Al^TiO, 
and  Ti02> 

Hori  et  al.  (4)  reported  fracture  toughness  data  for  corundum- 
rutile  composites.  They  used  Al202*Ti02  powder  synthesized  by  chemical 
vapor  deposition  and  tried  to  sinter  the  powder  below  1280'C,  but  achieved 
a  relative  density  of  only  -90%  of  theoretical  even  using  very  fine  powder. 
When  a  specimen  accidentally  contaminated  with  sodium  was  sintered  at 
1250*C,  however,  the  resulting  material  reached  almost  full  density  due  to 
liquid-phase  sintering,  and  elongated  plate-shaped  corundum  grew  after  the 
samples  had  aged  10-30  h,  increasing  the  samples'  fracture  toughness  from  3 
to  6  MPaVm.  These  results  are  interesting,  but  the  high- temperature 
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capabilities  of  the  Hori  specimens  are  questionable  because  sodium  is  known 
to  degrade  the  high- temperature  properties  of  composites. 

CONCLUSIONS 

The  results  obtained  in  this  study  are  summarized  below. 

1.  a^2°3  comPos^Ces  interspersed  with  A^TiO^  and  TiO^,  formed  by 

cyclic  annealing  and  a  reheating  treatment,  produced  the  highest 
bend  strengths  and  fracture  toughnesses  (580  MPa  and  3.7  MPaTin, 
respectively,  for  samples  with  a  starting  powder  composition  of 
5.0  wt%  TiC^ ,  decreasing  to  460  MPa  and  3.1  MPaVra,  respectively, 
as  the  starting  TiO^  composition  increased) . 

2.  The  strengths  of  even  low-density  (-97-98%  of  theoretical) 
specimens  with  large  grains  were  high,  suggesting  that  the  Al^TiO^ 
grain  size  and  the  bonding  strength  between  grains  (associated 
with  compressive  stress)  are  important  determiners  of  strength. 

3.  Typical  fracture  origins  were  micropores,  process- induced 
defects,  and  very  large  grains;  the  process- induced  defects  and 
exaggerated  grains  could  be  due,  respectively,  to  a  high  PVA 
concentration  and  an  initial  sintering  condition  of  1500°C/2  h. 

4.  The  fracture  mode  for  all  samples  was  almost  intergranular, 
together  with  a  partial  transgranular  mode  and  the  possible  pull¬ 
out  of  second  phases. 
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Figure  1.  Typical  cyclic-annealing  conditions  employed  in  this  study 
(heating/cooling  rate:  10*C/min). 


In(3ires3.  MPa) 

Figure  2.  Weibull  plot  of  bend  strength  versus  failure  probability  for 
materials  with  the  specified  starting  HO-  compositions, 
annealed  using  Condition  C  (see  Fig.  1). 
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Figure  5.  High-magnification  SEMs  of  fracture  surfaces  of  composites 

annealed  using  Condition  C,  made  with  the  following  starting 
Ti0o  compositions  and  having  the  specified  bend  strengths: 
a)  5.0  wt'i  TiO.,  --  700  MPa,  b)  10.0  wt%  Ti00  --  670  MPa. 
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Figure  5  (cont'd).  High-magnification  SEMs  of  fracture  surfaces  of  composites 
annealed  using  Condition  C,  made  with  the  following  starting 
Ti0o  compositions  and  having  the  specified  bend  strengths: 
c)  t5 . 0  wt%  Ti02  --  670  MPa,  and  d)  20.7  wt%  Ti09  --  580  MPa. 


stress  MPa 
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Figure  6.  Veibull  plot  of  herd  strength  versus  failure  prohabilitv  for 
:r..i  r  <;  r :  a  1  s  made  trom  a  starting  novrier  composition  or  70.  vt 
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STARTING  POWDER  COMPOSITION  (Ti02wt%) 


Figure  13.  Mechanical  properties  and  densities  of  samples  studied  versus 
their  starting  powder  compositions. 
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DENSIFICATION  OF  A1,0  -SiC  POWDER  COMPOSITES: 
I.  EFFECTS  OF  A  POLYMER  COATING  ON  SiC  PARTICLES 

Hyun  M .  J  ang 


ABSTRACT 

One  possible  approach  to  improving  the  densif ication  of  powder 
composites  containing  a  major  crystalline  phase  which  densifies  (e.g., 
Al~0,)  and  a  difficult-to-sinter  phase  (e.g.,  SiC)  is  to  accommodate  the 
matrix  volume  shrinkage  with  a  "disappearing"  polymer  coating.  A  polymer 
coating  prevents  contact  between  the  nonsinterable  particles  and  the 
surrounding  matrix.  The  coating  can  be  burned  off  prior  to  sintering, 
allowing  the  matrix  phase  to  "shrink- fit"  around  the  nonsinterable 
particles  during  sintering.  The  effects  of  a  polymer  coating  on  the 
densif ication  of  a  two-phase  particle  system  were  tested  using  SiC  powder 
dispersed  in  an  A^O.  matrix.  The  composites  processed  with  a  polymer 
coating  showed  more  densif ication  during  equivalent  firing  cycles  than  did 
those  processed  without  a  polymer  coating.  Densif ication  during  sintering 
was  approximately  proportional  to  the  amount  of  polymer  adsorbed  on  SiC, 
suggesting  that  the  AljO^  matr^x  did  "shrink- fit"  into  the  gaps  between  the 
SiC  particles  and  the  surrounding  A^O^  maCr*x-  Differences  in  the  pore- 
size  distributions  of  polymer -coated  green  compacts  and  uncoated  compacts 
indicated  a  perturbation  of  the  green  microstructure  by  the  gaps.  The 
estimated  average  thickness  of  the  gap  is  approximately  20  nm,  -8%  of  the 
average  radius  of  the  SiC  powder  used  in  this  study. 


I.  INTRODUCTION 

Heterogeneities  in  a  green  compact  typically  densify  at  different  rates 
than  that  at  which  the  matrix  phase  densifies,  and  thereby  influence 
sintering  behavior  in  several  ways.  Recently,  an  increasing  number  of 
experimental  and  theoretical  studies  have  been  conducted  on  the  sintering 
behavior  of  a  heterogeneous  powder  packing  system  that  has  two  or  more 
regions  with  intrinsically  different  rates  of  sintering.^-  ^  These  studies 
can  be  divided  into  the  following  three  categories: 


1.  studies  of  the  effects  of  processing-related  defects  (e.g., 

agglomerates,  inner  fine-grained  zones,  and  voids)  on  sintering 
uniformity^  ^ 
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2.  studies  of  the  sintering  behavior  of  bimodal  powder  compacts 

containing  a  uniform  dispersion  of  a  hard,  nonsinterable  second- 
3-8 

phase  material 

3.  studies  of  constrained  sintering,  such  as  the  densif ication  of 

9-11 

particulate  films  on  rigid  substrates 

In  bimodal  packing  systems,  a  second  phase  of  nonsinterable  particles 
decreases  the  sintering  rate  considerably  by  introducing  shear  stress  in 
the  matrix  and  tensile  hoop  stress  at  the  hard-particle/matrix  interface. 
However,  it  appears  that  there  has  been  no  systematic  investigation  of  an 
efficient  pressureless  densif ication  route  for  composites  containing  dense 
second-phase  particles  that  do  not  densify  under  the  conditions  at  which  the 
matrix  sinters. 

One  possible  approach  to  efficient  pressureless  densif ication  for  such 
a  heterogeneous  packing  system  involves  coating  the  hard  second-phase 
particles  with  a  polymer,  preventing  contact  between  the  nonsinterable 
particles  and  the  surrounding  matrix.  The  coating  can  be  burned  off  prior 
to  sintering,  yielding  a  free  volume  for  the  matrix  phase  to  "shrink- fit" 
around  the  nonsinterable  particle  during  sintering.  In  previous  work  on 

12 

the  pressureless  sintering  of  SIC  whisker- reinforced  alumina  composites, 
an  attempt  was  made  along  this  line  (that  is,  an  attempt  was  made  to 
"shrink-fit"  an  alumina  matrix  around  SiC  whiskers  during  densif ication) . 
However,  it  has  not  been  demonstrated  that  a  polymer  coating  that  leaves  a 
void  space  around  the  SiC  when  removed  leads  to  more  efficient 
densif ication  than  any  other  possible  processing  scheme.  Furthermore,  it 
is  difficult  to  directly  observe  the  effects  of  a  polymer  coating  on  the 
densification  of  an  A^O^-SiC  whisker  composite,  due  to  the  difference  in 
shape  and  size  between  AljO^  anci  ^A^2^3  Part^c^es  are  -0-^  in 
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diameter;  SiC  whiskers  are  -0.6  in  diameter  and  10-80  /jm  in  length)  and 

12 

the  three-dimensional  network  formation  of  whiskers  in  a  green  compact. 

This  paper  presents  research  on  the  effects  of  two  processing  schemes 
(i.e.,  with  and  without  a  polymer  coating  on  the  nonsinterable  particles) 
on  the  densif ication  of  a  bimodal  packing  system;  SiC  powder  dispersed  in 
an  maCr*x  served  as  the  model  system.  Submicrometer  SiC  particles 

similar  in  size  to  the  A^O^  particles  were  used  in  this  study  to  more 
clearly  observe  the  effects  of  a  polymer  coating  on  densif ication.  To 
carefully  estimate  the  effects  of  void  spaces,  or  "gaps,"  formed  by  burning 
off  polymer  coatings  from  SiC  particles  (and  thus  to  test  the  concept  of 
"shrink-fitting")  on  densif ication,  the  following  points  must  be  examined: 

•  the  effects  of  a  polymer  coating  on  densif ication  during  sintering 
(i.e.,  whether  or  not  a  polymer  coating  on  the  second-phase 
material  increases  densification) 

•  the  effects  of  the  gap  volume  on  the  extent  of  densification  during 
sintering 

•  the  effects  of  such  characteristics  of  gaps  as  their  thickness  on  the 
green  compact  microstructure  (e.g.,  the  pore-size  distribution) 

•  the  selectivity  of  the  coating  or  adsorption  of  polymers  on  the 
nonsinterable  second-phase  particles  (e.g.,  SiC) 

The  concept  on  which  this  study  was  based  is  schematically  represented  in 
Fig.  1. 

II.  EXPERIMENTAL  METHOD 
A.  Powders 

The  A^O^  powder  used  in  this  study  was  Reynolds  RC-172  DBM  without  MgO 

13 

additives  (Reynolds  Metals  Co,,  Bauxite,  AR) ;  a  size-classified  portion 
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having  particle  diameters  between  0.3  and  0.5  pm  was  used.  The  impurity 
analysis,  performed  by  the  inductively  coupled  plasma  (ICP)  technique, 
showed  that  the  major  impurity  in  the  A^O^  was  siH-con  (220  ppm).  The  SiC 
powder  used  in  this  study  was  Fujimi  GC  #10000  (a-SiC;  Fujimi  Kenmazai 
Kogyo  Co.,  Ltd.,  Nagoya,  Japan).  The  mean  SiC  particle  diameter, 
determined  by  photon  correlation  spectrometry  (Coulter  Counter  Model  N4, 

14 

Coulter  Electronics),  was  0.61  pm  in  an  OLOA  1200/hexane  suspension. 
Particle -size  distributions  were  obtained  by  counting  a  total  of  650 
particles  in  scanning  electron  micrographs  (Model  S-530,  Hitachi,  Ltd.). 
About  90%  of  the  particles  had  diameters  between  0.1  pm  and  0.8  pm;  the 
number  average  diameter  was  0.48  pm. 

B.  Processing  and  characterization 

A^O^-SiC  powder  composites  were  prepared  using  two  different 
processing  schemes;  consolidation  with  and  without  a  polymer  grafte  onto 
the  SiC  particles.  Five  different  processing  methods  were  used  to  prepare 
the  composites;  two  for  the  polymer-coated  SiC  particles  and  three  for  the 
uncoated  particles.  For  all  processing  methods,  SiC  concentrations  from  0 
to  15  wt%  were  used. 

In  the  two  methods  used  for  preparing  composites  with  a  polymer  coating 

on  the  SiC  particles,  either  a  polymethylraethacrylate/polystyrene  copolymer 

(PMMA/PS;  MW  270,000,  Polysciences ,  Warrington,  PA)  or  silanized 

polystyrene  (MW  250,000)  was  used  as  the  grafting  polymer.  The  silanized 

polystyrene  was  prepared  by  Friedel-Crafts  alkylation  of  the  corresponding 

12  15 

polystyrene  with  para-chloromethylphenyltrimethoxysilane .  ’  Both 

infrared  and  NMR  spectroscopy  indicated  that  phenyl  groups  in  the 
polystyrene  had  been  alkylated  with  benzyltrimethoxysilane  groups;  the  ICP 
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analysis  of  silicon  in  the  polymer  indicated  that  one  in  every  forty  phenyl 

12  15 

groups  in  the  silanized  polystyrene  was  alkylated.  ’ 

The  SiC  dispersion  was  sterically  stabilized  with  20  wt%  polymer  (with 
respect  to  the  weight  of  SiC)  in  toluene.  A  SiC  packing  density  -35%  of 
theoretical  was  obtained  by  allowing  the  dispersion  to  sediment  under  the 
force  of  gravity. 

To  prepare  the  SiC  for  mixing  with  AljO^,  the  SiC  dispersion  was 

sonicated  and  tumbled  for  48  h  to  ensure  a  good  dispersion,  then  briefly 

centrifuged,  and  the  supernatant  discarded  to  minimize  adsorption  of  excess 

polymer  on  the  A^O^  upon  mixing.  The  SiC  suspension  was  redispersed  by 

adding  toluene  and  sonicating.  The  resulting  SiC  powder  suspension  was 

mixed  with  an  A^O^/toluene  suspension  stabilized  with  8  wt%  oleic  acid 

(with  respect  to  the  weight  of  Al^O^). 

The  following  three  methods  were  used  to  prepare  composites  without  a 

polymer  coating  on  the  SiC  particles.  In  the  first,  OLOAn,1200  (6  wt%  with 

respect  to  the  total  weight  of  the  powders;  OLOA/lubricating  mineral  oil 

e'0/50  solution,  Chevron  Chemical  Co.,  Richmond,  CA)  was  used  as  received  to 

stabilize  an  AljO^-SiC  mixed  suspension  in  toluene.  In  the  second  method, 

OLOAn,120O  was  again  used  to  stabilize  an  Al^O^-SiC  mixed  suspension,  but  in 
14 

hexane.  The  dispersion/sediment  test  showed  that  both  the  A^O^  anci  SiC 
powders  are  stable  in  an  OLOA1'*1200/hexane  (or  toluene)  solution,  attaining 
-35-40%  of  theoretical  packing  density.  Studies  of  the  stability  of  carbon 
black  in  an  0L0An,1200/nonaqueous  medium^ suggested  that  a  combination 
of  steric  stabilization  and  electrostatic  interparticle  repulsion  (by  a 
charge  separation  mechanism  via  proton  transfer)  plays  an  important  role  in 
the  stabilization  of  powder  in  an  OLOA,M1200/nonaqueous  medium. 
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In  Che  third  method  for  preparing  composites  without  a  polymer 
coating,  the  SiC  dispersion  was  stabilized  with  5  wt%  of 

octadecyltrichlorosilane  (C-18  chlorosilane ;  Petrarch  Systems,  Bristol,  PA) 
in  toluene.  Fourier  transform  infrared  spectra  of  the  SiC  powder  treated 
with  C-18  chlorosilane  showed  strong  absorbances  near  3000  cm  ^ .  These 
absorbances  are  associated  with  C-H  stretching  vibrations,  and  indicate 
that  the  C-18  chlorosilane  remained  attached  to  the  SiC  surface.  The 
dispersion/sediment  test  in  toluene  showed  that  5  wt%  of  the  C-18 
chlorosilane  makes  the  suspension  very  stable,  for  a  minimal  amount  of 
dispersant  in  the  suspension.  After  sonication  and  tumbling  for  48  h,  the 
SiC  powder/C-18  chlorosilane  suspension  was  mixed  with  an  A^O^/toluene 
suspension  stabilized  with  oleic  acid  (8  wt%  with  respect  to  the  weight  of 

ai2o3). 

Each  of  the  Al^O^-SiC  mixed  dispersions  was  colloid-pressed  at 

53.79  MPa  (7800  psi)  using  a  laboratory  press  and  0.20-pm  filters  to  cover 

18 

the  porous  metal  frits  used  in  the  press.  Disc-shaped  green  compacts 
-2.0  cm  in  diameter  and  0.75-0.80  cm  thick  were  obtained.  After  the 
compacts  were  dried,  the  organic  materials  were  burned  out  at  550°C  for  2  h 
in  air  (heating  rate  -8°C/min) .  The  percent  theoretical  density  of  the 
green  compacts  was  estimated  from  the  sample  mass  and  dimensions  determined 
by  a  micrometer;  only  perfectly  disc-shaped  compacts  were  used.  The  green- 
compact  density  was  cross-checked  with  the  results  obtained  by  an  intrusion 
experiment  using  a  mercury  porosimeter  (Autopore  II  9220,  Micromeritics) . 

The  green  compacts  were  packed  with  SiC  powder  in  a  graphite  crucible. 
Sintering  experiments  were  conducted  at  1550°C  for  1.5  h  in  a  graphite  tube 
resistance  furnace  with  a  flowing,  high-purity  argon  atmosphere.  The 
heating  rate  to  the  firing  temperature  was  -15°C/min.  The  pore- size 
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distributions  of  the  green  compacts  and  fired  samples  were  obtained  by 
mercury  porosimetry;  approximately  one  gram  of  sample  was  used  for  each 
mercury  porosimetry  experiment.  Fig.  2  outlines  the  general  experimental 
procedure  used  in  this  study. 

Thermal  gravimetric  analysis  (TGA  7  Thermogravimetric  Analyzer,  Perkin- 
Elmer)  was  used  to  examine  the  relative  adsorption  of  polymer  (PMMA/PS)  and 
organic  dispersant  (oleic  acid)  on  the  AljO^  and  SiC  powders.  To  prepare 
the  powder/polymer  dispersions  for  analysis,  separate  batches  of  A^O^  ant* 
SiC  powders  were  tumbled  in  toluene  with  20  wt%  of  PMMA/PS  for  48  h. 
Similarly,  to  prepare  pcwder/organic  dispersions,  A^O^  anc*  SiC  powders 
were  tumbled  in  toluene  with  8  wt%  oleic  acid.  The  dispersions  were 
centrifuged  and  redispersed  in  toluene  again,  and  the  resulting  dispersions 
were  filtered  before  drying. 

To  examine  the  effects  on  densif ication  of  the  amount  of  adsorbed 
polymer  on  SiC,  three  batches  of  polymethylmethacrylate  (PMMA)  having 
different  molecular  weights  ("very  high  MW",  "medium  MW",  "low  MW";  Aldrich 
Chemical  Co.,  Inc.,  Milwaukee,  WI)  were  used  as  the  adsorbing  polymers. 

Each  SiC  dispersion  was  prepared  with  20  wt%  of  a  PMMA  of  a  characteristic 
molecular  weight.  Three  A^O^-SiC  green  compacts  were  obtained  by  the 
processing  method  outlined  previously  for  composites  with  polymer-coated 
SIC  particles.  The  amount  of  PMMA  still  adsorbed  on  the  SiC  after 
redispersion  was  determined  by  thermal  gravimetric  analysis.  The  amounts 
of  "very  high  MW",  "medium  MW,"  and  "low  MW"  PMMA  adsorbed  per  gram  of  SiC 
were  59  mg,  26.5  mg,  and  24.2  mg,  respectively.  The  extent  of 
densification  during  sintering  (change  in  percent  theoretical  density)  was 
found  to  correlate  directly  with  the  amount  of  PMMA  adsorbed  on  SiC. 
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III.  RESULTS  AND  DISCUSSION 
A.  Characterization  of  green  compacts 

To  accurately  estimate  the  effects  on  densif ication  of  a  gap  between 
each  SiC  particle  and  the  surrounding  A^O^  matr*-x>  tbe  porosity  associated 
with  the  A^O^  matr^x  region  should  be  the  same  for  both  coated  and 
uncoated  green  compacts.  Thus,  after  polymer  burnout  the  densities  of 
green  compacts  processed  with  polymer-coated  SiC  particles  should  be  lower 
than  the  densities  of  green  compacts  processed  without  polymer  coatings, 
due  to  the  gap  between  each  SiC  particle  and  the  surrounding  Al ^0^  matrix 
in  the  polymer-derived  samples  (Fig.  1).  As  shown  in  Fig.  3,  the 
experimental  results  for  the  processing  routes  do  show  that  the  densities 
of  the  polymer -derived  samples  were  lower  than  the  densities  found  for  the 
uncoated  samples. 

The  average  thickness  of  the  gap  between  each  SiC  particle  and  the 
surrounding  A^O^  matr*-x  can  be  estimated  from  the  difference  in  green 
density  between  coated  and  uncoated  compacts.  The  following  two 
assumptions  were  made  to  estimate  this  thickness  from  the  data  on  green 
compact  densities  after  organic  burnout: 

1.  For  green  compacts,  the  porosity  associated  with  the  A^O^  matr*-x 
region  is  the  same  for  both  coated  and  uncoated  compacts. 

2.  For  simplicity's  sake,  both  A^O^  an<*  SiC  particles  in  a  green 
compact  can  be  treated  as  spherical  particles  with  their 
characteristic  radii. 

With  the  above  two  assumptions,  the  following  equation  for  the  average 
thickness  of  the  gap,  t,  can  be  derived  (see  Appendix): 

t  -  rs(u-l) 
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where  Is  the  average  radius  of  the  SiC  particles;  u  is  defined  in  the 
Appendix.  Taking  0.50  pm  as  the  average  diameter  of  the  SiC  particles, 
the  average  gap  thickness  can  be  estimated  from  the  data  shown  in  Fig.  3. 

The  estimated  average  thickness  is  approximately  20  run  for  5  wt%  or  more 
SiC  (Fig.  4),  which  is  about  8%  of  the  particle  radius  for  the  SiC  powder 
used  in  this  study.  The  substantially  higher  gap  thicknesses  found  for 
lower  weight  percentages  of  SiC  are  probably  due  to  inaccuracies  introduced 
in  the  estimation  of  green  compact  densities. 

2  h 

The  root-mean-square  of  the  length  of  linear  polymers,  <r  >  ,  can  be  roughly 

viewed  as  the  mean  diameter  of  the  polymer  chain.  For  many  common  carbon- 

backbone  polymers,  this  is  given  by  0.06M  ,  in  nanometers,  where  M  is  the 
19 

molecular  weight.  If  this  equation  is  used  to  estimate  the  theta 
thickness  of  the  grafted,  silanized  polystyrene  or  adsorbed  PMMA/PS  (each 
with  a  molecular  weight  of  -250,000),  a  gap  thickness  of  30  ran  is 
predicted.  The  slightly  smaller  gap  thickness  of  20  nm  estimated  from 
green  density  data  presumably  reflects  compression  of  the  polymer  adsorbed 
in  the  green  compact  due  to  colloidal  pressing,  a  change  in  polymer 
environment  (as  toluene  was  replaced  by  air  in  the  drying  process)  in  the 
gap  region  during  drying,  and  resulting  changes  in  polymer  configuration  on 
the  SiC  surface. 

Fig.  5  shows  pore-size  distributions  in  the  region  of  the  most  frequent 
pore  radius  for  five  green  compacts  containing  10  wt%  SiC  after  organic 
burnout.  As  shown  in  Fig.  5,  the  most  frequent  pore  radius  for  polymer- 
coated  compacts  is  slightly  (-3  nm)  higher  than  the  most  frequent  pore 
radii  found  for  uncoated  compacts,  which  probably  indicates  disturbances  in 
the  green  microstructure  introduced  by  the  gap  between  each  SiC  particle 
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and  the  surrounding  AljO^  maCr^x<  The  differences  in  pore -size 
distribution  between  the  polymer-coated  compacts  and  the  C-18  chlorosilane- 
derived  compact  support  this  hypothesis  because  the  processing  conditions 
(e.g.t  the  dispersion  medium  (toluene)  and  the  dispersant  for  A^O^  (°le*-c 
acid))  were  the  same  in  both  cases;  only  the  dispersant  for  SiC  differed 
(polymer  vs  C-18  chlorosilane) . 

Fig.  6  further  elucidates  the  effects  of  a  polymer  coating  on  the  green 
body  microstructure  by  comparing  the  pore -size  distributions  of  two  A^O^- 
SiC  (10  wt%)  composites  with  and  without  a  polymer  coating  on  the  SiC 
particles  (silanized  polystyrene  and  C-18  chlorosilane,  processed  as  above) 
to  that  of  pure  Al^O^  dispersed  with  8  wt%  oleic  acid  in  toluene.  The 
overlap  region  between  the  polymer-coated  (curve  2)  and  the  uncoated 
composite  compacts  (curve  3)  is  designated  "OR".  This  overlap  region  in 
the  pore-size  distribution  should  correspond  to  the  porosity 
characteristics  associated  with  the  A^O^  matrix  region  which  is  not 
affected  by  SiC  particle  dispersion  in  the  composites.  This  conclusion  is 
clearly  supported  by  the  fact  that  the  most  frequent  pore  radius  for  the 
pure  Al-2^3  comPact  (curve  1)  is  exactly  that  radius  corresponding  to  the 
peak  of  the  overlap  region,  "OR",  in  Fig.  6.  Thus  the  area  to  the  left  of 
the  "OR"  region  in  the  pore-size  distribution  of  the  polymer-coated  compact 
(curve  2)  should  reflect  a  perturbation  (i.e.,  a  shift  to  larger  pore 
diameters)  in  the  green  microstructure  introduced  by  the  dispersed  SiC 
particles  and  by  the  gap  between  each  SiC  particle  and  the  surrounding 
Al203  matrix. 

Thermal  gravimetric  analysis  (TGA)  was  used  to  examine  the  relative 
adsorption  of  polymer  (PMMA/PS)  and  organic  dispersant  (oleic  acid)  on  the 
AljOj  and  SiC  powders.  The  TGA  results  (Fig.  7)  clearly  show  that  PMMA/PS 
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adsorbs  selectively  on  SiC  particles,  whereas  oleic  acid  adsorbs  more 

strongly  on  AljO^  Particles-  The  selective  surface  affinities  of  PMMA/PS 

and  oleic  acid  for  SiC  and  AljO^,  respectively,  must  be  taken  into  account 

to  accurately  examine  the  effects  of  gaps  left  between  SiC  particles  and 

the  matrix  on  densification  (Fig.  1).  The  strong,  selective 

adsorption  of  PMMA/PS  on  SiC  can  be  viewed  as  the  interaction  of  the  ester 

functional  group  (of  the  PMMA  unit  in  PMMA/PS)  with  the  silanol  site  on  the 

surface  of  the  oxidized  SiC  powder  in  a  neutral  solvent  used  here  (e.g., 

20 

toluene).  Fowkes  and  Mostafa's  work  on  the  interaction  of  PMMA  with  a 

silica  filler  in  a  neutral  solvent  supports  this  conclusion. 

Finally,  the  homogeneity  of  SiC  distribution  in  two  green  compacts  was 

examined  by  energy  dispersive  spectroscopy  (EDS) .  Ten  spots  per  sample 

were  examined  on  a  PMMA/PS -coated  sample  and  on  an  OLOA™1200/hexane- derived 

2 

sample  (10  wt%  SIC);  the  area  examined  per  spot  was  120  nm  .  The  average 
estimated  SiC  content  of  the  PMMA/PS -coated  sample  was  10.7  wt%  (standard 
deviation  1.51%);  the  average  estimated  SiC  content  of  the 
OLOAm1200/hexane- derived  compact  was  10.9  wt%  (standard  deviation  1.84%). 
Neither  sample  showed  appreciable  SiC  segregation  during  colloidal 
consolidation. 

B.  Effects  of  a  polymer  coating  on  densification 

Fig.  8  shows  sintering  results  as  a  function  of  SiC  content  for 
composites  fired  at  1550°C  for  1.5  h.  The  following  two  facts  are  clear 
from  these  results;  1)  the  composites  processed  with  polymer-coated  SiC 
consistently  have  higher  densities  than  those  processed  without  polymer 
coatings  for  SiC  concentrations  above  3  wt%,  and  2)  as  the  SiC  powder 
concentration  in  both  types  of  composites  increases,  densification 
decreases  rapidly.  Fig.  9  illustrates  densification  during  sintering  in 
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terms  of  change  in  percent  theoretical  density.  These  results  clearly 

demonstrate  that  composites  processed  with  polymer-coated  SiC  undergo  more 

densif ication  than  those  processed  without  a  polymer  coating  on  the  SiC. 

As  the  SiC  powder  concentration  increases,  differences  in  the  fired 

densities  of  the  coated  and  uncoated  samples  increase. 

The  x-ray  powder  diffraction  patterns  of  three  A^O^-SiC  composites 

were  also  examined.  The  first  composite  (15  wt%  SiC)  was  a  PMMA/PS- coated 

sample.  The  second  and  third  samples  (20  wt%  SiC)  were  derived, 

respectively,  from  an  aqueous  suspension  at  pH  10.5  without  any  organic 

dispersant  or  from  an  aqueous  solution  of  polyvinylpyrrolidone.  For  all 

three  samples,  only  peaks  associated  with  a-A^O^  and  SiC  were  observed. 

No  evidence  for  the  formation  of  crystalline  mullite,  3Al203 : 2Si02 ,  was 
12 

observed.  The  SIC  powder  used  to  pack  the  composites  was  also  examined  by 

x-ray  powder  diffraction.  Only  peaks  associated  with  SiC  were  detected. 

Composites  with  a  low  SiC  loading  (<  6  wt%)  turned  dark  grey  upon  firing. 

This  effect  was  greatest  for  pure  AljO^  and  decreased  with  increasing  SiC 

12 

loads.  Previous  work  on  A^O^-SiC  whisker  composites  suggests  that  the 
grey  color  of  the  composites  is  due  to  elemental  carbon  from  the  graphite 
crucible;  carbon  in  the  sintering  atmosphere  of  the  graphite  tube  furnace 
may  inhibit  sintering. 

The  pore-size  distributions  of  fired  composites  containing  10  wt%  SiC 
(Fig.  10)  clearly  show  that  the  composites  containing  polymer-coated  SiC 
are  less  porous  and  have  smaller  pore  radii  than  the  "uncoated"  composites. 
The  most  frequent  pore  radii  for  the  polymer-coated  and  the  uncoated 
samples  are  approximately  75  nm  and  125  run,  respectively.  Therefore,  the 
uncoated  samples  underwent  more  extensive  pore  coarsening  during  sintering 
than  did  the  polymer-coated  samples  (i.e.,  90  nm  vs  40  nm) . 
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More  concrete  evidence  for  the  effect  of  polymer  coatings  on 
densif ication  was  obtained  from  data  on  the  density  of  fired  composites 
using  several  polymers  with  different  molecular  weights.  In  Fig.  11,  the 
percent  theoretical  density  (open  circles)  and  the  change  in  percent 
theoretical  density  (filled  circles)  during  the  sintering  of  10  wt%  SiC 
composites  were  plotted  as  a  function  of  the  weight  in  grams  (for  three 
PMMA  molecular  weights  and  one  PMMA/PS  molecular  weight)  of  polymer 
adsorbed  per  gram  of  SiC.  An  approximately  linear  correlation  between  the 
change  in  percent  theoretical  density  (or  the  density  of  the  fired 
composites)  and  the  amount  of  adsorbed  polymer  would  indicate  that  the 
volume  of  the  gap  between  SiC  particles  and  the  surrounding  maCr*-x 

does  indeed  affect  densif ication.  A  semiquantitative  analysis  for  the 
correlation  actually  obtained  can  be  made  by  adopting  the  following  two 
assumptions : 

1.  The  chain  segment  density  of  the  polymer  is  uniform  throughout  each 
gap  region  in  a  green  compact  before  polymer  burnout. 

2.  For  a  given  weight  fraction  of  SiC,  shrinkage  of  the  coated  composite 
(AV^)  is  the  sum  of  the  following: 

AV  -  AV  +  V  (1) 

c  uc  g 

where  AV  and  AV  are  the  changes  in  volume  for  a  unit  mass  of  the 
c  uc  ° 

coated  and  uncoated  composites,  respectively,  and  V  is  the  volume  of 

8 

the  gap. 


Equation  1  can  be  considered  true  as  long  as  the  following  is  also  true: 
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where  (AV^)^  c^e  change  in  volume  of  the  matrix  during  its  transition  from 
the  green  state  to  a  fully  dense  state.  Equation  2  indicates  that  there  is 
a  limit  to  the  density  increase  possible  for  a  coated  composite,  and  that 
the  density  increase  is  dependent  on  V  . 

Based  on  Assumption  1,  the  amount  of  polymer  adsorbed  on  a  SiC 
particle  (W^)  can  be  written: 


W 

P 


p  V 
p  g 


(3) 


where  p is  the  chain  segment  density  of  adsorbed  polymer  in  the  gap 
region.  Substituting  Equation  3  into  Equation  1  yields: 


AV  -  AV  -  V  /p 
c  uc  p  p 


W 


which  predicts  that  the  difference  in  volume  change  between  coated  and 
uncoated  composites  during  densification  should  be  proportional  to  the 
amount  of  polymer  adsorbed  on  SiC  particles  for  composites  containing  a 
given  weight  fraction  of  SiC,  assuming  that  p ^  is  a  constant  for  the 
polymers  studied. 

A  plot  of  AVc  -  AV^c  values  for  this  study  (calculated  from  the  data 
in  Figures  3  and  8  for  AV^  and  Figure  11  for  AVc>  against  did  reveal  an 
approximately  linear  relationship  (Fig.  12)  at  concentrations  below  0.04  g 
polymer  per  gram  of  silicon  carbide.  The  decrease  in  slope  of  the  plot  at 
high  Wp  values  suggests  that  a  limit  probably  exists  to  the  increase  in 
density  that  can  be  achieved  by  increasing  the  amount  of  adsorbed  polymer. 


VI.  SUMMARY 

It  has  been  shown  that  composites  processed  with  a  polymer  coating 
undergo  more  densification  than  do  those  processed  without  a  polymer 
coating.  The  densification  during  sintering  (i.e.,  the  change  in  the 
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percent  theoretical  density)  is  approximately  proportional  to  the  amount  of 
polymer  adsorbed  on  SiC,  suggesting  "shrink- fitting"  of  the  A^O^  matr^x 
into  the  gap  region. 

The  pore-size  distribution  in  polymer-coated  green  compacts  showed  a 
shift  to  larger  pore  diameters  in  the  green  microstructure  from  the  pore- 
size  distribution  in  uncoated  compacts.  This  is  due  to  the  dispersed  SiC 
particles  and  the  gaps  between  SiC  particles  and  the  surrounding  A^O^ 
matrix.  The  estimated  average  thickness  of  each  gap  is  approximately  20 
ran. 
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APPENDIX 

The  following  equation  can  be  written  for  the  volume  of  a  green 
compact,  per  unit  mass: 

V  -  V  +  V  (1) 

c  uc  g 

where  is  the  volume  of  a  green  compact  processed  with  polymer-coated  SiC 

particles,  is  the  volume  of  a  green  compact  processed  with  uncoated  SiC 

particles,  and  V  is  the  total  volume  of  gaps  between  SiC  particles  and  the 
& 

surrounding  A^2°3  raaCr*x  Per  unit  mass  of  green  compact.  The  difference  in 
green  density  between  uncoated  and  coated  compacts  of  unit  mass  (A p)  can  be 
written: 

Ap  -  p  -  p  -  [V  "1  -  V*1]  -  V  (V  (V  +  V  ))'1  (2) 

uc  c  uc  c  g  uc  uc  g 

The  assumption  that  the  particles  are  spherical  gives  the  following 
equation  for  the  weight  fraction  of  SiC  in  a  green  compact,  f  : 

.  3 

4»rr  p 

f  -  N  - (3) 

s  s  3 

The  subscript  "s"  indicates  SiC.  Thus,  rg  is  the  characteristic  radius  of 

3 

a  SiC  particle,  p is  the  density  of  crystalline  SiC  (3.16  g/cm  ),  and  N g 
is  the  number  of  SiC  particles  in  an  A^Oj-SiC  green  compact  of  unit  mass. 

Using  Equation  3,  the  following  can  be  written  for  the  total  volume  of 
gaps  per  unit  mass  of  a  green  compact: 

-  <4*/3>(R3  -  r3)N  -  (f  /p  ) [ (R/r  )3  -  lj  (4) 

g  s  s  s  s  s 

where  R  -  rg  t,  t  being  the  average  thickness  of  the  gaps.  Substituting 
Equation  4  into  Equations  1  and  2  and  rearranging  yields: 
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Figure  I.  Schematic  representation  of  two  densif ication  routes  for  Al^O^- 
SiC  composites:  a)  composite  with  polymer  grafting,  and  b)  composite 
without  polymer  grafting. 
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Figure  2.  Flow  chart  of  the  experimental  procedure  used  in  this  study. 
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Figure  3.  Green  compact  density  as  a  function  of  SIC  content  for  Al„0  -SiC 
composites  processed  seven  different  ways.  *  ^ 


Figure  4.  Average  gap  thickness  between  a  SiC  particle  and  the  surrounding 
A^O^  matrix  as  a  function  of  wt%  SiC  in  a  green  compact. 
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Figure  5.  Pore-size  distributions  of  green  compacts  containing  10  wt%  SiC 
in  the  region  of  the  most  frequent  pore  radius. 
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Figure  6.  Pore-size  distributions  of  three  green  compacts  processed  in 
nonaqueous  suspensions:  pure  Al^O^,  and  A^O^-  (10  wt%)  SiC  composites 
processed  with  and  without  a  polymer  coating  on  the  SiC  particles. 
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Figure  7.  TGA  curves  for  PMMA/PS  and  oleic  acid  adsorbed  on  SiC  and  Al^O 
powders , 


Figure  8.  Percent  theoretical  density  vs  wt%  SiC  for  various  Al»0^- 
SiC  composites  fired  at  1550°C  for  1.5  h  at  a  heating  rate  of  15  C/rain 
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Figure  9.  Change  in  the  percent  theoretical  density  of  Al-O.-SiC 
composites  fired  at  1550°C  for  1.5  h  vs  wt%  SiC. 
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Figure  10.  Pore-size  distributions  of  fired  Al„0,-SiC  composites  containing 
10  wt%  SiC.  1  * 
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Figure  11.  Percent  theoretical  density  and  change  in  percent  theoretical 
density  during  sintering  for  10  wt%  SiC  composites  vs  amount  of  polymer  (in 
grams)  adsorbed  on  SiC  powder.  (Composites  fired  at  1550°C  for  1.5  h) . 


per  gram  of  SiC 


Figure  12.  (AVc  -  aV^)  as  a  function  of  polymer  (in  grams)  adsorbed  on  SiC 
powde  r . 


199 


DENSIFICATION  OF  Al.O  -SIC  POWDER  COMPOSITES: 
II.  MICROSTRUCTURAL  EVOLUTION  AND  DENSIFICATION 

Hyun  M.  Jang 


ABSTRACT 

Mlcrostructural  evolution  and  densification  kinetics  of  A^O^-SiC 
powder  composites  were  studied  using  two  different  SiC  powders; 

Examination  of  the  microstructural  evolution  of  Al^O.-fine  SiC  powder 
composites  showed  three  well-defined  stages  of  densification:  the  first  was 
characterized  by  constant  nore  size  and  no  grain  growth;  the  second 
involved  rapid  pore  coarsening  and  grain  growth;  the  third  was 
characterized  by  pore  shrinkage  and  slow  grain  growth.  Studies  of  the 
densification  kinetics  of  Al*0. -coarse  SiC  powder  composites  exhibited  two 
stages  of  densification:  in  the  first  stage  there  were  no  significant 
differences  in  densification  rate  between  pure  A^O^  comPacts  and 
composites;  in  the  second  stage,  however,  differences  in  densification 
behavior  between  pure  AljO^  comPacCs  and  composites  became  pronounced. 


I.  INTRODUCTION 

Heterogeneities  in  a  powder  compact  typically  densify  at  rates 
different  than  that  at  which  the  matrix  phase  densifies,  inducing  transient 
stresses  within  the  sintering  compact.  These  stresses  cause  particle 
rearrangement,  resulting  in  pore  development.  Part  I  of  this  paper^ 
documented  the  proposal  and  testing  of  one  possible  approach  for 
efficiently  densifying  composites  in  which  nonsinterable  particles  are 
uniformly  dispersed  in  a  sinterable  matrix.  The  study  showed  that  Al^O^- 
SiC  powder  composites  processed  using  polymer-coated  SiC  particles  sintered 
to  higher  densities  than  did  composites  processed  without  polymer-coated 
SiC  particles. 

The  main  purpose  of  the  present  study  is  to  examine  1)  the 
microstructural  evolution  and  2)  the  densification  kinetics  of  AljO^-SiC 
powder  composites.  To  examine  the  microstructural  evolution  during 
densification,  a  number  of  equivalent  green  composites  prepared  from  fine 
SiC  powder  were  fired  for  various  lengths  of  time.  Pore-size  distributions 
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and  microstructures  of  the  fired  composites  were  then  examined  to  provide 
detailed  information  supplementing  the  previous  study. ^  In  the  present 
study,  the  densif ication  kinetics  of  the  A^O^-coarse  SiC  composites  were 
monitored  by  dilatometer. 

II.  EXPERIMENTAL  METHODS 

The  ^2^3  Powt*er  used  in  this  study  was  Reynolds  RC-172  DBM  without  MgO 

2 

additives  (Reynolds  Metals  Co.,  Bauxite,  AR) ,  size-classified  to  a 

particle  diameter  range  from  0.3  pm  to  0.5  pm. 

Two  kinds  of  SiC  powder  were  used  in  this  study:  Fuj imi  GC  #10000 

(a-SiC;  Fuj imi  Kenmazai  Kogyo  Co.,  Ltd.,  Nagoya,  Japan)  served  as  the 

"fine"  powder  and  Lonza  UF-05  (Swiss  Aluminium  Ltd. ,  Switzerland)  served  as 

2 

the  "coarse"  powder.  The  Fuj imi  powder  had  a  surface  area  of  -16  m  /g,  as 

determined  by  the  BET  method.  Inspection  of  a  scanning  electron  micrograph 

(SEM)  showed  about  90%  of  the  particle  diameters  to  be  between  0.1  and  0.8 

pm,  with  an  average  diameter  of  0.48  pm.^  The  Lonza  powder's  surface  area 
2 

was  -5  m  /g.  As  received,  -13  wt%  of  the  powder's  particles  were  finer 
than  1  pm.  These  were  removed  by  dispersing  the  Lonza  powder  in  an 
OLOA* 12 00/hexane  solution  by  sonication  and  allowing  the  coarse  particles 
to  settle  from  the  suspension  by  gravity.  The  sediment  was  washed  five 
times  with  pure  toluene  and  dried  at  90°C.  The  mean  particle  size  of  the 
Lonza  powder  sediment  (the  "coarse"  powder  in  this  study)  was  found  to  be 
-3  pm.  Fourier  transform  infrared  spectroscopy  indicated  that  the  fine 
Fuj imi  powder  had  more  oxidized  (Si02)  surfaces  than  did  the  coarse  Lonza 
SiC  powder. 

The  AljO^-Fujimi  SiC  composites  (10  wt%  SiC)  were  used  to  study 
microstructural  development  during  densification.  Composites  were 
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prepared  by  one  of  two  processing  schemes:  consolidation  with  or  without  a 
polymer  grafted  onto  the  SiC  particles.  Three  different  processing  methods 
were  used  to  prepare  the  composites:  one  for  the  polymer-coated  SiC 
particles  and  two  for  the  uncoated  particles. 

To  prepare  composites  with  the  polymer-coated  SiC  particles,  the  SiC 
dispersion  was  stabilized  with  a  20  wt%  poly (methylmethacrylate)/ 
polystyrene  copolymer  ("PMMA/PS,"  MW  270,000;  Polysciences,  Warrington, 

PA)  . 

Two  methods  were  used  to  prepare  composites  without  a  polymer  coating 
on  the  SiC  particles.  In  the  first  method,  OL0a“1200  (6  wt%  with  respect 
to  the  total  powder  weight  of  a  50/50  mixture  of  OLOA™  to  mineral  oil; 
Chevron  Chemical  Co. ,  Richmond,  CA)  was  used  to  stabilize  a  suspension  of 
Al203  and  SiC  powders  in  toluene.  In  the  second  method,  the  SiC  dispersion 
was  stabilized  with  5  wt%  octadecyltrichlorosilane  ("C-18  chlorosilane" ; 
Petrarch  Systems,  Bristol,  PA)  in  toluene. 

All  of  the  A^O^-SiC  dispersions  were  then  colloid-pressed  at  53.79 
MPa  (7800  psi) .  After  binder  burnout  at  550°C  for  2  h,  the  composites  were 
embedded  within  SIC  powder  in  a  graphite  crucible.  Sintering  experiments 
were  performed  in  a  graphite  resistance  furnace  under  a  flowing  high-purity 
argon  atmosphere.  The  furnace  was  heated  from  room  temperature  to  1200°C 
at  an  average  rate  of  45°C/rain.  After  sintering,  pore-size  distributions 
of  the  fired  composites  were  determined  by  mercury  intrusion  experiments 
using  a  mercury  porosimeter  (Micromeritics  Autopore  II  9220;  Micromeritics 
Instr.  Corp.,  Norcross,  GA) .  Fracture  surfaces  of  the  sintered  composites 
were  observed  by  scanning  electron  microscope  (Hitachi  Model  S-530; 

Hitachi  Ltd.,  Tokyo,  Japan). 
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The  processing  and  characterization  methods  used  for  the  A^O^-Fujimi 
SiC  composites  were  the  same  as  those  described  in  Part  I  of  this  paper. ^ 

Alumina-Lonza  SiC  composites  containing  selected  volume  fractions 
(0,  3,  8,  and  15  vol%,  based  on  theoretical  density)  of  SiC  powder  were 
used  to  study  the  densif ication  kinetics.  The  composites  were  prepared 
with  PMMA/PS  polymer  grafted  onto  the  SiC  particles  as  described  above. 
Densif ication  behavior  was  continuously  monitored  by  dilatometer  (Nctzsch 
402E;  Netzsch-GerAtebau  GmbH,  Exton,  PA)  under  a  flowing  hydrogen  (4%)  - 
argon  (96%)  atmosphere  to  provide  a  reducing  atmosphere  and  avoid  oxidation 
of  the  SiC.  In  a  preliminary  experiment  conducted  under  high-purity  argon, 
ohe  SiC  powder  oxidized  and  mullite  formed.  Since  the  maximum  temperature 
of  the  dilatometer  furnace  is  1550°C,  sintering  was  carried  out  at  1500°C. 

III.  RESULTS  AND  DISCUSSION 

The  sintering  results  as  a  function  of  firing  time  for  composites 
containing  10  wt%  Fuj imi  SiC  powder  are  shown  in  Figure  1.  An  average 
heating  rate  of  20°C/min  was  used  between  1200°C  and  1700°C.  The  start  of 
the  firing  time  was  arbitrarily  chosen  to  be  the  time  at  which  the 
sample  temperature  reached  1300°C.  The  results  clearly  demonstrate  that 
over  the  entire  course  of  densif ication,  composites  containing  polymer- 
coated  SiC  were  consistently  more  dense  than  composites  processed  without 
polymer-coated  SiC. 

Figure  2  shows  the  change  in  the  most  frequent  pore  radius  as  a  function 
of  firing  time  for  three  series  of  compacts  processed  with  and  without 
polymer  coatings.  From  the  results,  it  is  evident  that  pore-size  evolution 
takes  place  in  three  well-defined  stages.  The  first  stage  of 
densif ication  (0-15  min  firing  time)  is  characterized  by  a  constant  pore 
size.  The  most  frequent  pore  radius  in  compacts  at  this  stage  is 
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essentially  the  same  as  that  in  the  green  body;  however,  the  pore- size 
distribution  broadens  slightly  as  densif ication  proceeds  from  -60%  of  the 
theoretical  density  of  the  green  compact  to  -75%.  Scanning  electron 
micrographs  of  polymer  (PMMA/PS) -derived  samples  (Figs.  3a  and  3b)  show 
neck  growth  but  essentially  no  grain  growth  at  this  stage. 

The  second  stage  (-15-40  min  firing  time)  is  characterized  by  rapid 
pore  coarsening,  from  -35  nm  to  -150  nm;  the  pore-size  distribution  also 
broadens  significantly.  Scanning  electron  micrographs  (Figs.  3c  and  3d)  of 
samples  prepared  using  polymer-coated  SiC  particles  indicate  that  the  rapid 
pore  coarsening  is  accompanied  by  rapid  grain  growth.  A  comparison  of 
Figure  3c  with  Figure  3b  indicates  that  the  transition  period  between 
Stages  1  and  2  is  also  characterized  by  a  significant  broadening  in  the 
grain-size  distribution. 

In  the  second  stage,  densif ication  apparently  involves  a  shrinkage 
mechanism  by  which  the  A^O^  matrix  densities  away  from  the  SiC  particles, 
coarsening  the  pores  between  the  SiC  particles  and  the  surrounding 
matrix,  and  therefore  generating  little  tensile  stress  at  the  interface. 

The  pore  coarsening  observed  at  the  second  stage  of  sintering  in  the  Al^O^- 
Fujimi  SiC  composites  (Fig.  2)  may  have  something  to  do  with  this. 

The  last  stage  of  densif ication  (-40-120  min  firing  time)  is 
characterized  by  pore  shrinkage.  Figure  2  clearly  shows  that  the  rate  of 
pore  shrinkage  in  this  third  stage  is  slower  than  that  of  pore  coarsening 
in  the  second  stage.  Although  grain  growth  steadily  continues,  the  growth 
rate  is  significantly  reduced  at  this  stage  (Figs.  3e  and  3f) . 

Differential  sintering  probably  produces  transient  stresses  in  the  third 
stage  as  the  matrix  begins  to  density  around  the  nonsinterable  SiC 

particles.  Thus,  the  much  smaller  values  observed  for  the  most  frequent 
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pore  radius  in  the  polymer-coated  compacts  as  compared  to  those  observed 
for  the  uncoated  compacts  (Fig.  2)  suggest  that  the  gap  produced  between  a 
SiC  particle  and  the  A^O^  matr^x  by  a  burned-out  polymer  coating  reduces 
transient  stresses  at  the  interface,  allowing  more  densif ication  to  occur 
before  hoop  stresses  around  the  SiC  particles  halt  sintering.  The  reasons 
for  the  slightly  different  pore  shrinkage  rates  observed  for  the  two 
uncoated  compacts  are  not  known  at  this  time. 

To  more  clearly  observe  under  scanning  electron  microscope  the  effect 
of  a  non-sinterable  second  phase  on  tensile  stress  development  at  the 
particle-matrix  interface,  we  prepared  AljO^-SiC  composites  using  Lonza  SiC 
powder  with  an  average  particle  size  of  3  urn.  This  powder  is  almost  an 
order  of  magnitude  larger  than  the  Fuj imi  SiC  powder;  it  also  has  a  smaller 
surface  area  and,  consequently,  less  SiC^  to  inhibit  sintering.’’  The 
sintering  models  used  for  this  study  assume  that  the  densif ication  kinetics 
are  dependent  on  the  volume  fraction  of  the  nonsinterable  inert  phase,  not 
on  particle  size;  according  to  a  recent  publication^,  however,  particle 
size  probably  does  affect  sintering  kinetics,  this  possibility  was  not 
investigated  in  this  work'. 

Results  of  the  densif ication  kinetics  determination  for  composites 
containing  the  selected  volume  fractions  (f  )  of  Lonza  SiC  powders  are 
shown  in  Figure  4.  In  this  study,  the  amount  of  SiC  is  given  as  the  volume 
fraction  of  SiC  in  the  composite  so  that  the  data  can  be  analyzed  by  the 
Raj-Bordia  model.  Time  t  -  0  in  Figure  4  represents  the  start  of  A^O^ 
shrinkage;  the  sintering  temperature  (1500°C)  was  reached  after  t  »  20  min. 
The  densif  ication  process  for  both  pure  A^O^  an<*  cbe  AljO^-SiC 

composites  apparently  has  two  well-defined  stages  in  terms  of  density 
changes.  No  significant  difference  in  densif  ication  rate  between  the  A^O^ 
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compact  and  the  composites  appear  in  Stage  I;  at  -  0.03,  however,  the 
densif ication  rate  of  the  composite  was  faster,  and  at  f  -  0.08  and  0.15, 
the  densif  ication  rates  were  slower  than  that  of  the  pure  A^O^  compact. 

Dilatometric  measurements  of  sintering  kinetics  often  yield  curves  that 
can  be  described  by  the  equation: 

-  4<wa-'tA>  a) 


where  Ap  -  (p-p  )/p  and  Ap  -  (1-p  )/p  ;  p  is  the  relative  density  of 
g  g  max  g  g  g 

the  green  compact,  p  is  the  time -dependent  relative  density,  and  r  is  the 
time  constant  for  sintering.  Assuming  that  the  sintering  behavior  of  the 
Al^O^-SiC  composites  at  1500°C  is  described  by  the  above  equation,  the  time 


constant  r  can  be  estimated  for  composites  containing  different  volume 
fractions  of  SiC  powder.  Equation  1  can  be  written  as: 


ln{ 1- (Ap/Ap  ) 5  -  -<l/r)t  (2) 

max 

Figure  5  plots  the  left-hand  side  of  Equation  2  against  time  for  a  green 

compact  with  a  relative  density  p  of  -0.61.  Again,  the  results  show  two 

S 

distinct  regions  in  terras  of  densif ication  rate.  Since  the  above  two 
equations  only  apply  for  isothermal  sintering  conditions,  the  densif ication 
behavior  can  only  be  estimated  for  Stage  II.  In  Stage  II,  differences  in 
the  time  constants  for  the  pure  A^O^  compact  and  the  A^O^-SiC  composites 
become  pronounced. 

3  4 

According  to  Raj  and  Bordia,  ’  the  time  constant  for  a  bimodal  compact 
can  be  related  to  that  for  a  pure  compact  (e.g.,  Al^O^)  according  to  the 
following  relationship: 

rQ  -  9/9(4fv+9/9)'1r  (3) 
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where  rQ  and  r  are  time  constants  for  the  compact  and  the  Al^O^-SiC 

compact,  respectively,  and  is  the  volume  fraction  of  the  SiC  phase.  The 

parameter  0  is  defined  as  the  ratio  of  the  creep  rate  in  the  matrix  to  the 

densif ication  rate  of  the  porous  body.  Generally,  if  0  >  1,  the  sintering 

behavior  follows  the  rule  of  mixtures  and  the  time  constant  for  sintering 

remains  unchanged.  If  0  <  1,  however,  the  sintering  rate  becomes 

considerably  slower  than  the  rule  of  mixtures  would  indicate.  It  has  been 
3  4 

shown  ’  that  the  maximum  value  of  the  hoop  stress  generated  at  the 
particle -matrix  interface  is  given  by  the  expression: 


a . 

9  ,  max 


<2-9/3)  (4fv+9^)  ~1po 


(4) 


where  pQ  is  the  intrinsic  sintering  pressure  in  the  powder  compact.  Using 

Equations  2,  3,  and  4,  the  three  parameters  r,  0,  and  a  ,  which 

9  ,  max 

characterize  densif ication  behavior  of  composites,  were  estimated;  these 
are  shown  in  Table  I . 


Table  I.  Estimated  r,  0,  and  a  values  for  Al  O.  composites  containing 

a  0-0.15  volume  fractldna^f  )  of  Lonza  SIC,  during  the  second 
stage  of  densif ication . 


0 

35 

00 

*Po 

0.03 

75 

0.01 

8.2po 

0.08 

110 

0.02 

8.2po 

0.15 

170 

0.02 

25po 
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As  expected,  three  points  are  clear  from  the  analysis: 

1.  The  time  constant,  r,  increases  as  the  volume  fraction  of  the 
SiC  phase  increases. 

2.  is  much  less  than  1  and  is  virtually  independent  of  the 
volume  fraction  of  SiC. 

3.  Tensile  hoop  stress  exists  at  the  SiC  particle-A^O^ 
matrix  interface  during  isothermal  sintering. 

Judging  from  the  data  presented  in  Table  I,  the  tensile  hoop  stress 
(the  positive  value  of  a &  max)  Is  significant  in  Stage  II.  A  rapid 

increase  in  r  or  a.  in  Stage  II  probably  indicates  that  the  Al.O. 

6 ,  max  c,  r  j  2  3 

matrix  begins  to  densify  around  SiC  particles  at  the  beginning  of  Stage  II 
or  at  the  transition  period  between  Stages  I  and  II.  This  process,  then, 
could  reduce  the  pore  region  between  each  SiC  particle  and  the  surrounding 
A^O^  matrix,  ultimately  increasing  the  tensile  stress  at  the  interface. 

Figure  6  is  an  SEM  of  the  fracture  surface  of  a  composite  containing  8 
vol%  Lonza  SIC  powder  after  sintering  for  60  min  at  1500°C.  The 
irregularly  shaped,  2~3-nm  particles  are  SiC;  the  regularly  shaped,  0.2- 
0.5-/itn  particles  in  Figure  3c-f  are  also  SiC  particles.  These 
micrographs  indicate  that  when  SiC  particles  are  the  same  size  as  the 
matrix  particles,  the  SiC  is  either  incorporated  into  the  matrix  (e.g.,  the 
A^O^  grain  in  the  center  of  Figure  3c  has  almost  engulfed  a  SiC  particle) 
or  remains  on  the  grain  boundaries.  When  the  SiC  particles  are  an  order  of 
magnitude  larger  than  the  AljO^  Parti-Cles*  the  SiC  remains  as  a  discrete 
second  phase  and  is  not  incorporated  into  the  AljO^  Srains  until  after 
significant  grain  growth.  In  this  latter  case,  therefore,  SiC  particles 
are  surrounded  by  A^O^  grains  and  remain  at  the  grain  boundaries. 
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IV.  SUMMARY 

The  microstructural  evolution  of  Al^O^-Fujimi  SiC  powder  composites 
takes  place  in  three  well-defined  stages.  The  earliest  stage  of 
densif ication  is  characterized  by  a  constant  pore  size;  scanning  electron 
micrographs  of  compacts  at  this  stage  show  essentially  no  grain  growth. 

The  second  stage  involves  rapid  pore  coarsening  and  grain  growth.  The 
final  stage  of  densif icatioi  is  characterized  by  pore  shrinkage;  also, 
although  the  grains  grow  steadily,  their  rate  of  growth  is  significantly 
slower  in  this  stage  than  in  the  previous  stage. 

Studies  of  the  densif  ication  kinetics  of  A^O^-Lonza  SiC  powder 
composites  showed  two  densif ication  stages.  Differences  in  densif ication 
behavior  between  pure  A^O^  coinPacCs  an{*  AljO^-SiC  composites  were 
pronounced  only  in  the  second  stage. 
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Figure  1.  Percent  theoretical  density  vs  firing  time  for  Al„0,-Fujimi  SiC 
(10  wt%)  powder  composites  processed  with  and  without  a  polymer  coating  on 
the  SiC  particles. 


Firing  time  (minutes) 


Figure  2.  Most  frequent  pore  radius  vs  firing  time  for  Al-O.-Fuj imi  SiC 
(10  wt%)  powder  composites  processed  with  and  without  a  polymer  coating  on 
the  SiC  particles. 
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Figure  3.  SEMs  of  fracture  surfaces  of  A1?0^ - Fuj imi  SiC  (10  wt%) 
composites  at  various  stages  of  dens  if icatlon :  after  a  a)  0-min  hold  at 
1200°C  and  b)  0-min  hold  at  1500  C. 
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(c) 


(d) 

Figure  3  (cont'd),  SEMs  of  fracture  surfaces  of  A^O^-Fujimi  SiC  (10  wt%) 
composites  at  various  stages  of  densification:  after  a  c)  0-min  hold  at 
1700°C  and  d)  10-min  hold  at  1700°C. 
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(f) 

Figure  3  (cont'd).  SEMs  of  fracture  surfaces  of  Al^O. -Fuj imi  SiC  (10  wt%) 
composites  at  various  stages  of  densif ication :  aftef  a  e>  30-rain  hold  at 
C  and  fi  100-rain  hold  at  17r'0°C. 


•)  *  ) 
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Figure  4.  Sintered  density  vs  firing  time  for  Al-O.  composites  containing 
a  0-0.15  volume  fraction  (f  )  of  Lonza  SiC.  Note  tne  two  densification 
stages . 


Figure  5.  Plot  of  In  (1-Ap/Ap  )  vs  time  for  Al-0_  composites  containing 
a  0-0.15  volume  fraction  (f  )  Eonza  SiC.  Note  the  two  densification 
stages. 
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Figure  6.  SEM  of  che  fracture  surface  of  a  composite  containing  8  vol% 
Lonza  SiC  powder  after  sintering  for  60  min  at  1500°C. 
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POWDER  PROCESSING  AND  MICROSTRUCTURE  DEVELOPMENT  OF  0-SLC 


Bruce  Bishop 


ABSTRACT 

Three  aspects  of  /?-SiC  processing  were  investigated:  dispersion, 
particle-size  classification,  and  final-stage  microstructure  development. 

In  conjunction  with  experiments  described  previously,  the  effect  of 
OLOA®1200  on  the  charging  of  commercial  £-SiC  powder  in  low-dielectric- 
constant  hydrocarbon  media  and  the  effect  of  the  volume  fraction  of  solids 
on  the  relative  viscosity  of  SiC/OLOA/dodecane  dispersions  were 
investigated.  The  charging  of  particles,  which  imparts  electrostatic 
barriers,  was  found  to  increase  with  OLOA  concentration  up  to  -3.2  wt%  OLOA 
by  weight  of  powder,  and  increased  with  the  amount  of  time  allowed  for  OLOA 
and  the  particle  surfaces  to  interact.  This  was  directly  compared  to 
adsorption . 

Particle-size  classification  of  0-SiC  powder  dispersions  in  hexane 
stabilized  with  OLOA®1200  was  performed  using  centrifugal  separation. 
Average  particle  sizes  could  be  reduced  over  successive  classification  runs 
and  almost  all  large  particles  could  be  removed  from  small  particle-size 
classes,  but  relative  distribution  breadths  of  the  as-received  and  the 
finest  classified  material  did  not  significantly  differ. 

The  microstructural  aspects  of  average  grain  size,  grain-size 
distribution,  and  phase  development  were  investigated  for  boron  carbide - 
and  carbon-doped  as-received  and  classified  £-StC  powders  sintered  at 
2000°C  and  2100°C.  The  average  grain  size  for  classified  /3-SiC  powder 
compacts  was  smaller  than  that  for  as-received  powder  compacts  when 
sintered  at  2000#C,  but  on  a  relative  scale  was  slightly  greater.  The 
higher  densities  of  the  classified-powder  compacts  were  explained  by  the 
shifting  of  the  pore/grain  boundary  separation  threshold  with  grain  size  to 
produce  higher  densities  at  smaller  grain  sizes.  Comparisons  of  initial 
particle-size  distributions  with  final-stage  grain-size  distributions 
showed  the  size  distributions  to  narrow  during  processing.  This  may  not  be 
unreasonable  in  the  light  of  grain  growth  in  porous  compacts,  but  no 
supportive  experimental  evidence  exists.  At  2100’C,  the  parts  transformed 
significantly  to  the  alpha  phases  of  SiC,  and  the  microstructures  consisted 
of  plates  and  needles  on  the  order  of  100  or  larger.  Classified-powder- 
part  grain  sizes  were  found  to  be  smaller,  on  the  average,  than  as-received 
powder-part  grain  sizes,  possibly  resulting  in  a  more  substantial  6H  phase 
component  than  was  evident  in  the  as -received  powder  compacts,  which 
consisted  primarily  of  the  15R  phase.  At  2000°C,  the  cubic  3C  phase  was 
predominant;  only  a  small  increase  in  the  alpha  phase  (probably  15R)  was 
apparent . 
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INTRODUCTION 

The  processing  of  subraicrometer  ceramic  powders  utilizing  colloidal 
suspensions  to  remove  or  minimize  nonuniformities  in  starting  green 
microstructures  to  improve  the  sintered  microstructures  has  been  an  area  of 
active  research.  In  order  for  American  private  and  governmental 
enterprises  to  compete  in  high-technology  ceramics  fields  and  keep  pace 
with  technological  advances  in  areas  such  as  high-performance  aircraft  and 
space  exploration,  improved  ceramic  properties  through  advanced  processing 
are  essential. 

The  following  report  is  a  detailed  update  on  the  progress  achieved  by 
this  laboratory  in  processing  /9-SiC  through  nonaqueous  dispersions  to 
obtain  fine-grained,  high-density  materials.  Silicon  carbide  is  one 
advanced  structural  ceramic  with  excellent  high- temperature  strength 
retention  (Thummler,  1980)  and  good  thermal - shock  resistance  (de  Baisi, 
1977),  oxidation  resistance  (Dutta,  1984),  and  tribological  properties 
(Miyoshi,  Buckley,  and  Srinivasan,  1983).  However,  because  of  its  low 
fracture  toughness  (Seshadri  and  Srinivasan,  1981) ,  SiC  is  very  sensitive 
to  flaws.  Consequently,  to  improve  reliability,  the  flaw  size  and  number 
must  be  reduced  through  advanced  processing. 

This  report  contains  three  sections.  The  first  provides  an  update  on 
/9-SiC  powder  dispersion  in  low-dielectric-constant  media.  The  second 
analyzes  powder-size  distributions  obtained  by  centrifugal  size 
classification  of  suspensions.  The  last  reports  on  the  microstructure 
development  of  sintered  £-SiC  with  regard  to  grain  size  and  distribution 
and  phase  analysis. 
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/3-SiC  POWDER  DISPERSION  IN  LOW-DIELECTRIC-CONSTANT  MEDIA 
Introduction 

The  dispersion  of  colloids  in  nonaqueous ,  low-dielectric-constant 
media  has  been  reviewed  by  Parfitt  and  Peacock  (1978).  Much  of  this 
information  is  relevant  to  the  dispersion  of  0-SiC  powder  in  hydrocarbon 
solvents  with  OLOA®1200  ("OLOA"),  which  has  been  a  continuing  topic  of 
research  in  this  laboratory  (Bishop,  1986a).  In  general,  such  suspensions 
can  be  stabilized  by  steric  and/or  electrostatic  repulsive  forces.  Steric 
repulsive  forces  are  widely  accepted  and  used  in  low-dielectric-constant 
media.  Napper  gives  an  excellent  treatment  of  the  subject  (Napper,  1983). 
However,  electrostatics  meet  with  much  more  skepticism  about  their 
applicability  to  low-dielectric-constant  media. 

The  confusion  about  electrostatics  in  low-dielectric-constant  media 
stems  from  the  inaccurate  belief  that  ions  cannot  exist  in  such  an 
environment.  Ion  formation  with  subsequent  charging  can  occur  when  one 
type  of  ion  is  stabilized  by  a  lyophilic  moiety.  This  can  happen  when  one  ion 
is  a  small  charged  species  (e.g.,  Na+)  that  is  attracted  to  a  polar 
particle  surface  and  the  other  is  oil-soluble  (e.g.,  dl - 2-ethvlhexvl 
sulfosucc inate ,  which,  together  with  Na,  constitutes  Aerosol  OT) .  Another 
situation  is  when  there  is  an  acid/base  interaction  between  the  dispersant 
and  particle  surface  such  that  proton  transfer  from  the  acid  to  the  base 
occurs,  with  one  ion  desorbed  from  the  surface  and  stabilized  by  a 
lyophilic  chain  or  group  (e.g.,  polyisobutylene  succinimide  on  carbon 
black) . 


^Registered  trademark  of  Chevron  Chemical  Co.,  San  Francisco,  CA. 
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Once  a  surface  charge  is  established  on  the  particles,  there  is  some 
question  as  to  how  effective  the  repulsive  mechanism  is  when  the  double  - 
layer  thickness  is  large  (e.g.,  micron-scale).  At  low  solids  content, 
dispersion  stability  can  be  correlated  with  zeta  potential  (McGown, 

Parfitt,  and  Willis,  1965).  However,  at  high  solids  concentrations, 
suspension  stability  is  no  longer  a  function  of  zeta  potential.  The 
solids  content  effect  on  dispersion  stability  for  electrostatically 
stabilized  suspensions  in  low-dielectric-constant  media  is  very 
interesting . 

Detailed  studies  made  first  by  Albers  and  Overbeek  (1959),  then 
improved  by  Levine  and  co-workers  (Chen  and  Levine,  1973;  Feat  and  Levine, 
1976)  concluded  that  concentrated  suspensions  could  not  be  stabilized  by 
electric  double-layer  effects.  Essentially,  Albers  and  Overbeek  found  that 
extended  double  layers  in  concentrated  suspensions  with  close  particle- 
particle  approach  result  in  charged  particles  suspended  in  charged  media, 
which  lowers  the  repulsive  barrier,  decreasing  stability.  In  an 
application  of  Levine's  theory,  Green  and  Parfitt  (1986)  analyzed  the 
stability  of  concentrated  nonaqueous  titania  dispersions  and  found  that  a 
pseudo  secondary  minimum  in  the  interaction  potential  curve  developed, 
which  caused  flocculation  until  the  distance  between  floes  reached  a  point 
at  which  another  secondary  minimum  occurred  that  structured  the 
suspensions . 

With  this  brief  background  oi.  nonaqueous  dispersions,  two  new 
experiments  will  be  described  relevant  to  the  dispersion  of  £-SiC  with  OLOA 
in  nonaqueous  solvents.  First,  the  effect  of  time  and  OLOA  concentration 
on  the  charging  of  SiC  by  OLOA  will  be  demonstrated;  second,  the  effect  of 
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solids  contents  less  than  5  vol%  on  the  relative  viscosity  of  the 
SiC/OLOA/dodecane  system  will  be  described. 

Summary  of  Previous  Work 

Research  up  to  this  point  on  the  OLOA/£- SiC/hydrocarbon  system  has 

shown  that  >3.15  wt%  OLOA  by  weight  of  powder  is  required  to  disperse 

2 

Betarundum  Ultrafine  /?-SiC,  which  has  a  surface  area  of  18.3  m  /g.  The 
adsorption  is  quantitative  up  to  -2.8  wt%  OLOA  by  weight  of  powder,  then 
becomes  incomplete  but  not  zero  when  additional  OLOA  is  added  (Bishop, 

1986a  and  1986b).  Based  on  the  facts  that  adsorption  is  strong  up  to  2.8 
wt%  and  the  isobutylene  polymer  chain  is  very  soluble  in  hexane,  a  steric 
barrier  can  be  assumed  to  have  been  present.  Molecules  of  OLOA  have  been 
shown  to  have  a  thickness  of  -5  nm  (Pugh,  Matsunaga,  and  Fowkes,  1983). 

The  rheology  of  the  silicon  carbide/OLOA/dodecane  system  above  the 
dispersion  point  as  a  function  of  solids  content  changed  from  Newtonian  to 
shear- thinning  as  the  solids  content  increased  from  5  to  30  vol%. 
Consequently,  two  issues  need  to  be  addressed:  First,  in  addition  to 
steric  repulsion,  how  does  charge  in  the  system,  if  it  is  present,  vary 
with  time  and  OLOA  concentration;  and  second,  what  is  the  nature  of 
particle-particle  interactions  at  solids  contents  below  5  vol%? 

Experimental  Background  and  Procedure 

Zeta-potential  measurements  of  particles  in  low-dielectric-constant 
media  are  very  difficult  and  highly  sensitive  to  impurities.  Consequently, 
a  new  technique  was  used  to  measure  charging  in  such  systems.  Measurement 
of  acoustophoretic  mobility  is  much  easier  than  measurement  of 
electrophoretic  mobility,  and  because  higher  solids  contents  (as  high  as  50 
wt%)  can  be  used,  solvent  impurities  play  less  of  a  role.  In  general, 
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measurement  consists  of  ultrasonicating  a  dispersion  of  particles  in  a 

solvent.  When  an  electric  double  layer  surrounds  each  particle,  the 

particles  (assuming  they  have  a  higher  density  than  the  medium)  move  less  as 

the  sonic  pressure  wave  passes  through  the  dispersion  than  does  the  liquid. 

This  causes  the  counter-ions  to  oscillate  about  the  charged  particles, 

resulting  in  an  oscillating  dipole.  The  resulting  electric  field  can  be 

detected  by  an  antenna  and  correlated  to  mobility.  This  technique  has  been 

described  in  detail  by  Marlow,  Fairhurst,  and  Pendse  (1988). 

* 

Particle  mobility  was  measured  from  0  to  approximately  4.5  wt% 
purified  OLOA  (see  Bishop,  1985b  for  purification  procedure)  by  weight  of 
powder.  This  was  accomplished  by  adding  12.8  wt%  powder  by  weight  of 
dispersion  to  hexane,  then  titrating  the  suspension  with  a  concentrated 
OLOA/hexane  solution.  Two  titrations  were  conducted;  the  step  time  was  -5 
min  in  one  case  and  30  min  in  the  other. 

To  study  particle  interactions,  the  relative  viscosity  of  suspensions 
was  measured  from  1  to  5  vol%.  The  theoretical  basis  for  this  experiment 
was  developed  by  Einstein  (1906;  1911).  Assuming  1)  constant  density  and 
viscosity  of  a  liquid  medium,  2)  low,  laminar  flow,  3)  rigid  spheres  with 
no  slippage  at  the  liquid/sphere  interface,  4)  extreme  dilution  such  that 
flow  is  unperturbed  far  from  the  spheres,  5)  spheres  large  enough  compared 
to  solvent  molecules  that  the  liquid  can  be  treated  as  a  continuum,  and  6) 
spheres  small  enough  compared  to  the  viscometer  dimensions  that  wall 
effects  can  be  ignored,  the  relative  viscosity,  r7R,  of  a  suspension  can  be 
described  by: 

r?R  -  1  +  2.5*  (1) 


Pen  Kern  System  7000,  Pen  Kern,  Inc., 


Bedford  Hills,  NY. 
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where  4>  is  the  volume  fraction.  If  spherical  particles  are  truly  dispersed 
in  a  liquid  due  to  repulsive  forces,  then  little  particle -particle 
interaction  will  occur  at  low  solids  content.  Consequently,  a  plot  of  tj 

K 

versus  volume  fraction  will  be  linear  with  a  slope  of  2.5. 

Several  factors  in  actuality  are  not  considered  in  the  theory, 
including  polydispersity ,  solvation,  and  morphology.  Polydispersity  is  not 
explicitly  treated  in  Einstein's  derivation  because  each  particle  is  dealt 
with  independently.  Consequently,  at  the  low  concentrations  at  which  the 
following  experiment  was  conducted,  polydispersity  does  not  contribute  to 
any  deviation  from  Einstein's  law. 

Solvation  of  particles,  whether  in  an  aqueous  or  nonaqueous  medium, 
increases  the  hydrodynamic  volume  of  the  particles.  In  the 
OLOA/SiC/dodecane  system,  it  is  known  that  the  adsorbed  dispersant  acts  as 
a  solvation  layer.  In  fact,  Fowkes  has  reported  the  steric  thickness  of 
OLOA  to  be  -5  nm  (Rugh,  Matsunaga,  and  Fowkes,  1983).  Therefore,  the 
volume  of  particles  added  in  the  present  study  was  less  than  the  actual 
hydrodynamic  volume.  Not  only  do  lyophilic  chains  on  the  particle  surface 
affect  solvation,  they  may  also  affect  the  rigid-sphere  assumption,  the 
degree  of  slip  of  the  liquid  at  the  particle  surface,  and  the  way  solvent 
moves  through  the  chains  (i.e.,  by  draining  or  not);  the  importance  of 
these  effects  is  unknown  at  this  time. 

Theory  assumes  spherical  particles,  which  introduces  inaccuracies  in 
descriptions  of  SiC  particles.  At  best,  SIC  particles  are  equiaxed  chunks 
when  less  than  a  micrometer  in  size,  and  are  usually  irregularly  shaped 
when  greater  than  1  with  an  axial  ratio  of  >1.  Assuming  that  Brownian 
motion  outweighs  the  orientation  of  irregular  particles  in  stream  lines  of 
flow,  the  energy  dissipation  of  tumbling  irregular  particles  should  be 
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higher  chan  that  occurring  with  spherical  particles.  From  another 
perspective,  a  tumbling  particle  takes  up  a  higher  effective  volume  than  a 
r.ontumbling  particle.  Both  analyses  find  the  viscosity  to  be  higher  than 
predicted,  based  on  only  the  volume  of  the  particles  themselves. 
Consequently,  nonspherical  particles  as  well  as  solvation  can  lead  to 
positive  (higher-slope)  deviations  from  Einstein's  law. 

For  the  experiment  performed,  suspensions  containing  0.01,  0.02,  0.03, 
0.04,  and  0.05  volume  -  fraction  solids  by  volume  of  dispersion  were  prepared 
in  dodecane  with  4  wt%  purified  OLOA  by  weight  of  powder  as  the  dispersant. 
Samples  were  sonicated  in  a  bath  for  30  min,  then  tumbled  for  64  h.  After 
tumbling,  samples  were  sonicated  for  1-2  min  in  a  bath  before  being 
measured.  Care  was  taken  to  allow  samples  to  cool  to  room  temperature  (20- 
21°C)  after  sonication  because  warm  samples  have  much  lower  viscosities 
than  cool  samples.  The  samples  were  allowed  to  come  to  thermal  equilibrium 
outside  the  viscometer  first  because  the  samples  could  then  be  shaken  to 
remove  any  sediment  which  had  formed  during  the  cooling  time.  If  a  long 
equilibration  time  were  allowed  inside  the  viscometer,  sedimentation  would 
cause  inaccurate  results.  Viscosity  measurements  were  made  twice  on  each 
of  two  samples  at  each  concentration  using  a  Haake  Rotovisco  RV-100  with  a 
CV-100  measuring  system  (Haake  Buchler  Instruments,  Inc.,  Saddle  Brook,  NJ) 
at  20°C.  Viscosities  were  measured  over  an  8-min  period  of  ramping  up  and 
back  down  from  0  s  ^  to  1000  s  ^  back  to  0  s  ^ .  Viscosities  were 
determined  from  the  plots  at  500  s  ^  on  the  ramp  down  to  minimize 
sedimentation  and  thermal  equilibrium  effects.  Relative  viscosities  were 
calculated  by  measuring  the  viscosities  of  supernatants  of  dispersions 
previously  measured.  Supernatants  were  prepared  by  centrifuging  the 
dispersions  at  approximately  4500  G  for  30  min. 
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Results  and  Discussion 

The  plot  of  relative  acoustic  mobility  versus  OLOA  concentration  is 
shown  in  Figure  1.  In  general,  these  curves  indicate  some  charging  of 
particles  in  the  OLOA/S iC/hexane  system.  However,  due  to  limitations  of 
theory  in  nonaqueous  systems  for  /ca  <  1 ,  where  k  is  the  inverse  of  the 
double  layer  thickness  and  "a"  is  the  particle  radius,  zeta  potentials  with 
their  respective  signs  cannot  be  calculated.  With  respect  to  OLOA 
concentration,  the  amount  of  charging  increases  with  concentration  below 
the  dispersion  point  --  the  point  at  which  the  powder  reaches  a  minimum 
hydrodynamic  volume  and  the  particles  are  dispersed.  Varying  the 
equilibration  time  produces  three  differences  in  sample  charge.  First, 
with  a  long  step- time,  a  greater  charge  can  be  developed.  Second,  the 
maximum  charge  for  the  30-min  step- time  curve  occurs  at  about  3.2  wt%  OLOA; 
the  5 -min  step-time  curve  does  not  maximize  until  closer  to  4  wt% .  Lastly, 
the  longer  step- time  sample  Increases  in  charge  from  0  to  3.2  wt%  OLOA;  the 
shorter  step-time  sample's  charge  does  not  start  to  increase  until  ~1.5  wt% 
OLOA. 

These  results  indicate  a  dynamic  equilibrium  of  dispersant  adsorption 
on  the  solid/liquid  interface.  However,  it  was  not  determined  whether  the 
adsorption/desorption  or  charged  ion  adsorption  model  applied.  Adsorption 
itself  is  time-dependent,  requiring  more  than  24  h  for  the  sample  to  come 
to  equilibrium,  though  considerable  adsorption  does  occur  in  less  than 
10  h.  At  approximately  4  wt%  OLOA,  2-3  h  were  required  to  completely 
develop  the  electrostatic  charge  on  an  oxide  pigment  (Marlow,  1986)  (no 
charging  can  occur  without  adsorption) . 

It  is  therefore  not  unreasonable  to  compare  adsorption  to  mobility, 
knowing  that  practically  all  the  dispersant  is  adsorbed,  to  about  2.5-3 
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wc% .  After  short  periods  of  time,  little  dispersant  would  have  adsorbed, 
and  consequently  even  less  would  have  desorbed.  This  results  in  little  or 
no  charging  --  especially  at  low  OLOA  concentrations,  where  the  driving 
force  for  dispersant  adsorption  (dispersant  concentration  in  solution)  is 
low.  As  a  result,  short  step- time  measurements  can  be  considered  as 
representing  non-equilibrium  conditions,  while  longer  step-time 
measurements  are  certainly  closer  to  equilibrium  and  seem  to  reflect  an 
equilibrium  situation. 

In  Figure  2,  the  relative  viscosity  of  U  wt%  OLOA/Betarundum 
Ultrafine  /J-SiC/dodecane  dispersions  is  plotted  as  a  function  of  solids 
fraction  by  volume.  The  function  is  linear,  with  a  correlation  coefficient 
of  0.995;  the  equation  describing  the  relative  viscosity  is: 

r,R  -  0.995  +  5.75 *  (2) 

where  4>  is  the  volume  fraction.  Because  the  equation  is  linear,  particle 
interactions  are  at  a  minimum,  indicating  a  highly  dispersed  system,  and 
the  combination  of  electrostatic  and  steric  effects  is  quite  effective  at 
these  solids  loadings. 

Although  the  intercept  is  basically  correct,  the  slope  is  higher  than 
predicted  for  the  ideal  case.  Though  the  value  of  5.75  is  higher  than  2.5, 
for  real  systems  it  is  in  the  correct  range  of  slopes  (Overbeek,  1988). 

Two  possible  explanations  for  this  deviation  involve  solvation  and 
nonspherical  morphology. 

As  described  previously,  steric  barriers  constitute  an  additional  9 
vol%  hydrodynamic  volume.  If  this  correction  is  made  to  the  plot,  the  new 
equation  becomes: 
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r}  -  0.995  +  5.23*  (3) 

K. 

Although  this  new  equation  is  not  yet  close  to  theoretical,  the  change 
illustrates  the  solvation  effect.  The  actual  amount  of  solvation  in  the 
system  is  unknown  and  the  nonspherical  nature  of  the  particles  -- 
especially  large  ones  --  has  not  been  quantitatively  determined,  making 
further  corrections  impossible,  but  it  is  quite  evident  that  these  two 
sources  of  deviation  from  theory  are  operable  in  the  system. 

Conclusions 

Because  of  a  unique  interaction  of  a  poly isobutylene  succinimide 

dispersant  (OLOA)  with  an  acidic  particle  surface  immersed  in  a  nonpolar, 

low-dielectric -constant  medium,  a  charge  can  be  developed  on  particles  in 

suspension.  This  charge  is  developed  in  a  time -dependent  manner  due  to  the 

charging  mechanism's  relationship  to  adsorption  and  subsequent  desorption. 

In  these  experiments,  the  type  of  surface  (determining  the  isoelectric 

point)  and  its  effect  on  charging  with  OLOA  was  not  investigated.  Under 

quasi-equilibrium  conditions,  the  acoustic  mobility  reaches  a  maximum  at 

the  same  point  that  low-solids-fraction  suspensions  become  stabilized. 

Based  on  relative  viscosity  as  a  function  of  solids  fraction  in  dilute 

systems,  there  is  little  particle  interaction;  rather,  particles  tend  to 

act  independently.  However,  because  of  effects  that  do  not  fit  the 

assumptions  of  the  model  (such  as  solvation  and  nonspherical  particles) , 

the  reduced  viscosity,  (rj  -  1  )/*,  where  *  is  the  volume  fraction,  is 

K 

greater  than  2.5. 

Future  Work 

Experiments  are  presently  in  progress  to  further  elucidate  the 
characteristics  of  the  electric  double  layer.  First,  electrophoresis 
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samples  at  1.5,  3.5,  and  4.6  wt%  OLOA  by  weight  of  powder  were  prepared  by 
centrifuging  the  12.0  wt%  powder  dispersions  and  allowing  some  powder  to 
remain  in  the  supernatant.  These  samples  will  be  run  on  a  PenKem  3000 
electrophoresis  unit  in  order  to  determine  electrophoretic  mobilities  and 
sign  of  charge.  Zeta  potentials  will  be  calculated  if  the  conductivities 
measured  are  high  or  low  enough  in  a  second  set  of  samples  which  consist, 
respectively,  of  hexane,  the  supernatant  of  a  hexane/5  vol%  powder  mixture, 
and  actual  and  calculated  (based  on  adsorption  isotherm)  supernatants  of 
dispersions  containing  4  wt%  OLOA  by  weight  of  powder  and  either  1  or  5 
vol%  powder.  If  conductivity  is  very  low,  zeta  potentials  can  be 
calculated  by  the  Hvickel  equation  (*a  «  1)  .  If  conductivities  are  high 
(xa  »  1),  then  equations  used  for  aqueous  colloids  can  be  used.  Moderate 
conductivities  (1  <  xa  <  10)  coupled  with  large  potentials  (>25  mV),  which 
are  typical  for  low-dielectric-constant  electrostatically  charged  colloids, 
do  not  have  solidly  based  equations  from  which  one  can  calculate  zeta 
potential . 

CENTRIFUGAL  PARTICLE-SIZE  CLASSIFICATION 
Introduction 

The  tailoring  of  particle - s ize  distributions  for  optimized  processing 
and  properties  has  been  used  in  different  aspects  of  ceramics  (Brownell, 
1976;  Barringer  et  al . ,  1984).  Centrifugal  classification,  which  has  been 
used  in  this  lab,  is  one  method  for  preparing  powders  with  narrow  particle- 
size  distributions  (Nahass,  Pober,  and  Bowen,  1987).  Preliminary  results 
for  the  centrifugal  classification  of  SiC  were  reported  previously  (Bishop, 
1985a;  1986b).  The  purpose  of  this  section  is  to  describe  in  detail  the 
particle-size  distributions  of  selected  particle  -  size  ranges  centrifugally 
separated  from  an  as-received  0-SiC  powder. 
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Experimental  Procedure 

An  11  wt%  Betarundum  Ultrafine  $-SiC  powder  (Ibiden  Co.,  Ltd.,  Ogaki , 
Japan)  dispersion  was  prepared  in  hexane  using  8  wt%  OLOA®1200  (Chevron 
Chem.  Co.,  Oronite  Additives  Div. ,  San  Francisco,  CA)  by  weight  of  powder 
as  the  dispersant.  Selected  particle  -  size  ranges  to  be  "cut"  were  >1.2, 
0.8-1. 2,  0.5-0. 8,  0.3-0. 5,  0.2-0. 3,  and  0.15-0.20  n m .  The  cut  sizes  were 
determined  using  the  equation: 

Feed  rate  -  V/t  -  Kw2r2  (d^-d^/CrjlnCy/x) )  (4) 

where  V  -  working  volume,  t  -  time,  K  -  shape  factor,  w  -  angular  velocity, 
r  -  particle  radius,  d^  -  particle  density,  d^  -  media  density,  rj  -  media 
viscosity,  y  -  outside  radius,  and  x  -  inside  radius,  as  shown  for  the 
centrifuge -bowl  geometry  in  Figure  3.  Further  details  of  the 
classification  procedure  have  been  discussed  elsewhere  (Nahass,  Pober,  and 
Bowen,  1987).  After  the  hexane  had  been  allowed  to  evaporate,  the  cuts 
were  weighed,  then  analyzed  by  thermogravimetric  analysis  for  dispersant 
concentration.  Particle  sizes  were  analyzed  quantitatively  by  a 
sedimentation/optical  transmission  technique  (Horiba  Model  CAPA-500,  Horiba 
Instruments,  Inc.,  Irvine,  CA)  and  qualitatively  by  scanning  electron 
microscopy . 

Results  and  Discussion 

Figure  4  shows  the  mass  efficiency  for  the  various  cuts,  corrected  for 
dispersant  weight.  Overall,  92  wt%  of  the  powder  was  recovered.  For  the 
first  two  cuts,  more  powder  was  recovered  than  had  been  predicted  for  those 
size  ranges.  For  the  last  four  cuts,  less  powder  was  recovered  than  was 
shown  by  the  particle-size  distribution.  The  reason  for  this  can  be  seen 
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in  Che  particle-size  distributions  for  the  as-received  powder  (Fig.  5)  and 
the  six  cuts  (Figs.  6-11),  which  are  also  represented  numerically  in  Table 
1. 


Table  1.  Percentage  of  particles  by  area  in  various  size  fractions  for  as- 
received  and  classified-powder  fractions. 


Size 

Particles  in 

Each  Size 

Fraction 

for  Each  Cut  (%) 

Fraction  (/im) 

As-Rec 

Cut  1 

Cut  2 

Cut  3 

Cut  4 

Cut  5 

Cut  6 

>  1.2 

6.1 

13.3 

10.8 

7.2 

3.1 

1.1 

1.5 

0.8-1. 2 

9.3 

11.8 

15.5 

9.7 

5.0 

1.8 

2.6 

0.5-0. 8 

13.0 

20.8 

19.3 

20.8 

12.1 

7.2 

6.3 

0.3-0. 5 

25.2 

19.6 

23.3 

26.0 

26.4 

16.5 

9.5 

0.2-0. 3 

18.6 

12.4 

13.8 

15.6 

19.5 

22.6 

15.3 

0.1-0. 2 

22.8 

14.1 

13.7 

14.7 

22.4 

34.5 

37.3 

0.1-0 

5.9 

8.8 

5.1 

7.2 

11.7 

16.6 

27.7 

Each  cut 

contained  particles 

not  only 

from  the 

desired 

(calculated) 

particle-size 

range , 

but  also  from 

the  other  ranges. 

The  inclusion  of 

particles  from 

i  other 

ranges  in  the 

first  two  cuts  caused  the 

last  cuts 

to 

have  fewer  particles  in  their  respective  ranges,  and  consequently  lower 
efficiencies . 

Particles  ending  up  in  size  fractions  other  than  the  ones  in  which 
they  were  calculated  to  be,  could  be  caused  by  1)  an  inaccurate  geometric 
factor,  2)  agglomeration,  3)  particle  interactions,  4)  powder  build-up  in 
the  centrifuge  basket,  5)  operator  error,  and/or  6)  improper  dispersion 
feed  to  the  centrifuge.  The  geometric  factor  used  with  the  modified 
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Stokes'  equation  was  2/9  for  spherical  particles.  However,  each  particle 
shape  has  its  own  geometric  factor  and,  as  can  be  seen  in  the 
photomicrographs  (Figs.  2a-8a) ,  the  morphologies  of  the  parcicles  changed 
with  size.  Irregularly  shaped  particles  are  assigned  a  general  geometric 
factor  of  2/13;  using  the  spherical  geometric  factor  for  irregularly  shaped 
particles  would  therefore  cause  the  cut  size  to  be  underestimated  by  about 
17%. 

Agglomeration  causes  small  particles  to  be  separated  out  into  the 
larger  particle-size  fractions.  When  two  or  more  particles  are  flocculated 
together,  their  apparent  hydrodynamic  size  increases  and  the  agglomerate 
acts  as  a  large  particle  with  a  density  between  that  of  the  medium  and  that 
of  the  particles.  The  result  is  small  particles  in  large  particle  -  size 
fractions . 

Particle  interactions  as  large  particles  move  toward  the  side  of  the 
basket  and  small  particles  flow  up  the  fluid  wall  can  cause  improper  powder 
separation.  Large  particles  could  trap  smaller  ones  and  force  them  toward 
the  wall,  thereby  causing  small  particles  to  end  up  in  the  large  particle- 
size  fraction.  Particle  interactions  could  also  hinder  the  movement  of 
large  particles  toward  the  wall:  assuming  that  the  upward  velocity  of  the 
particles  is  governed  by  the  flow  of  liquid  and  is  affected  little  by 
solids  content,  a  reduced  horizontal  velocity  vector  due  to  particle 
interactions  may  allow  large  particles  to  be  swept  out  of  the  centrifuge. 
Separation  efficiency  should  increase  with  decreasing  solids  content. 

As  the  thickness  of  the  powder  layer  on  the  inner  side  wall  of  the  bowl 
increases,  the  distance  a  particle  has  to  move  before  it  hits  this  barrier 
decreases.  Therefore,  small  particles,  which  travel  to  the  top  of  the  bowl 
and  out,  might  not  make  it  out  after  a  powder  layer  has  built  up.  With  a 
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powder  layer  of  1  cm,  the  average  particle  size  may  be  reduced  by 
approximately  30%.  The  significance  of  this  effect  is  questionable, 
however,  based  on  independent  research  (Pober,  1988). 

As  always,  operator  error  can  be  significant.  With  feed  rates  on  the 
order  of  hundreds  of  milliliters  per  minute  and  dispersion  volumes  on  the 
order  of  thousands  of  milliliters,  run  times  must  be  on  the  order  of  tens 
of  minutes.  Start-up  and  shut-down,  as  well  as  feed  rate  and  rpm 
fluctuations  throughout  the  run,  could  be  important  determinants  of 
particle-size  distributions. 

Lastly,  the  dispersion  is  fed  into  the  centrifuge  at  the  bottom  of  the 
bowl,  coward  the  center,  to  minimize  the  amount  of  splashing.  If  any  air 
is  trapped  in  the  dispersion,  however,  the  bubbles  could  rise  very  rapidly 
up  the  fluid  wall,  possibly  taking  particles  of  all  sizes  with  them. 

As  the  above  discussion  indicates,  many  sources  of  error  affect  the 
average  particle  size  and  size  distribution  during  classification;  the 
relative  effects  of  each  source  are  unknown. 

Close  examination  of  the  particle-size  distributions  reveals 
interesting  variations.  For  Che  first  cut,  many  coarse  particles  were 
removed  from  the  powder  (for  each  of  the  first  three  cuts,  up  to  2.4  area 
percent  of  the  particles  was  contributed  by  particles  greater  than  2  /im  in 
size).  More  than  twice  the  area  of  particles  greater  than  1.2  in  size 
was  found  in  the  first  cut  as  compared  to  the  original  powder.  Also,  30% 
more  very  fine  particles  (0. 1-0.0  /im)  were  found  in  the  first  cut  than  in 
the  as-received  powder.  This  can  be  contrasted  to  the  second  cut,  in  which 
many  very  large  particles  were  found,  but  not  as  many  very  fine  particles 
were  trapped.  This  is  reflected  in  a  larger  average  size  for  the  second 
cut  as  compared  to  the  first,  but  the  average  particle  size  for  both  cuts 
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was  less  chan  Che  calculaced  value  because  of  Che  recained  smaller 
parCicles.  One  possible  reason  for  Che  decrease  in  recained  small 
particles  is  that  the  powder  concentration  was  reduced  dramatically  from 
the  first  run  to  the  second  because  about  one  third  of  the  powder  was 
removed  in  the  first  cut. 

From  the  second  cut  to  the  sixth,  the  cross-sectional  area 
attributable  to  large  particles  in  the  three  largest  particle-size  ranges 
generally  decreased  while  the  surface  area  of  particles  in  the  two  smallest 
particle-size  ranges  increased.  The  bulk  of  the  cut  powders  consisted  of 
smaller  particles  as  the  cuts  became  finer:  In  the  last  cut,  two- thirds  of 
the  particles  were  smaller  than  0.2  pm.  Consequently,  the  average  particle 
size  decreased  from  0.42  pm  to  0.16  pm  in  Cuts  2  and  6,  respectively. 

In  Figures  5-11,  the  narrowing  of  the  particle-size  distribution  to 
finer  particle  sizes  is  obvious.  However,  a  more  quantitative  comparison 
of  the  relative  distribution  breadths  requires  the  use  of  a  statistical 
parameter  such  as  the  standard  deviation.  For  skewed  distributions  such  as 
those  in  Figures  5a-lla,  linear  averages  and  standard  deviations  are  not 
the  best  forms  of  representation  because  they  are  based  on  normal 
distributions;  the  distributions  presented  in  Figures  5a-lla  are  close  to 
log  normal  (typical  of  most  particle-size  distributions),  but  are  not 
symmetrically  log  normal.  Preferable  statistical  expressions 
in  such  a  case  would  be  the  geometric  mean  and  deviation.  These  are  more 
representative  of  the  average  and  deviation  of  a  skewed  distribution. 
However,  because  of  the  unsymmetrical  distributions,  the  original 
distributions  could  not  be  calculated  from  these  two  parameters  only.  The 
geometrical  mean  and  standard  deviation  are  useful  only  to  compare  the 
cuts . 
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The  definitions  of  the  geometric  mean,  d  ,  and  geometric  standard 

s 


deviation,  a  ,  are  as  follows: 
g 


d  -  H  d  n‘f’i 
g  i  i 


a  -  exp { (S  n.f.t(ln(d  ) - ln(d.) ) 2 ] 1/2 } 


(5) 

(6) 


where  H  is  the  product  over  i  intervals,  with  d^  the  average  diameter  of  the 
interval,  and  n.f.^  the  respective  number  fraction.  These  equations  are 
for  number  distributions  of  particles;  they  can  be  transformed  to  area 
distributions  as  follows: 


Mean: 


Standard  Deviation: 


a  -  n  a  afi 
g  *  i 

(7) 

(*/4)dg2  -  J  [(Jr/4)di2]a-f'i 

(8) 

d  2  -  Q  d.2(af)i 
g  i  i 

(9) 

d  -  n  d  a'  f '  i 
g  i  i 

(10) 

-  exp  • 

f  [S  a.f.i(ln(aK)-ln(a.))2]1/2] 

(11) 

I  2  1 

► 

The  2  in  the  denominator  of  the  argument  of  the  exponential  is  included  due 

to  the  fact  that  a  -  a  (mass)  for  a  log  normal  distribution,  and  in  order 

g  g 

to  make  this  true  for  equations  of  the  form  reported  above,  the  argument  of 
the  exponential  must  be  divided  by  the  number  of  dimensions  being 
considered  (e.g.,  3  for  mass)  (Flint  and  Haggerty,  1988).  The  argument  of 


the  exponential  for  the  a  (area)  formula  was  therefore  divided  by  2. 

5 
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a  (area)  -  exp{[2  a.f..(ln(d  ) - ln(d . ) ) 2 ] 1/2 )  (17) 

&  ^  ^  S  ^ 

These  are  the  values  reported  as  d  and  a  in  Figures  5-11.  For 

g.a  6-a 

a  point  of  reference  on  the  standard  deviations,  a  monosized  particle-size 
distribution  would  have  a  value  of  1. 

Four  points  should  be  noted  about  the  trend  in  standard  deviations. 

First,  the  first  cuts  have  broader  particle - s ize  distributions  than  does 
the  as-received  powder.  Second,  the  fourth  cut  apparently  has  a  broader 
distribution  than  do  the  second  and  third  cuts.  Third,  the  finest  cut  size 
has  about  the  same  breadth  of  particle-size  distribution  as  the  as- 
received  powder.  Fourth,  the  fifth  cut  has  a  slightly  narrower  particle- 
size  distribution  than  the  last  cut. 
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Based  on  the  previous  discussion,  the  standard  deviation  of  the  first 
cut  was  expected  to  be  the  broadest.  The  first  cut,  run  with  the  highest 
/olume - fraction  solids  in  the  stock  dispersion,  was  performed  to  remove  the 
largest  particles.  Consequently,  many  of  the  largest  particles  were 
removed;  at  the  same  time,  however,  many  of  the  smallest  particles  were 
also  removed  due  to  particle-particle  interactions. 

The  breadth  of  the  particle-size  distributions  decreased  from  the 

first  cut  to  the  fourth,  after  which  it  increased  again.  This  change  is  an 

artifact  of  the  way  the  standard  deviation  was  calculated:  for  the  as- 

received  powder  and  the  first  three  cuts,  the  smallest  particle  size 

measured  was  0.10  ^m;  for  the  last  three  cuts,  the  smallest  size  measured 

was  0.05  /im.  The  additional  size  interval  was  used  for  the  standard 

deviations  of  the  last  three  cuts  to  yield  a  more  accurate  number. 

However,  this  change  made  comparison  with  the  large-sized  powders 

questionable.  If  the  standard  deviations  of  the  last  three  cuts  are 

calculated  the  same  way  as  those  of  the  first  cuts,  then  a  for  Cuts  4, 

6.  a 

5,  and  6  is  2.36,  2.21,  and  2.40,  respectively .  For  comparison  throughout 
the  cuts,  these  values  make  more  sense  but  are  not  necessarily  more 
accurate . 

The  reason  the  powder  was  classified  in  the  first  place  was  not  only 
to  decrease  its  average  particle  size  but  to  narrow  the  distribution.  A 
narrowed  distribution  would  enhance  densif ication  and  microstructural 
control  (Yan,  Cannon,  Bowen,  and  Chowdhry,  1982;  Barringer,  Brook,  and 
Bowen,  1984;  Chapell,  Ring,  and  Birchall,  1986).  However,  for  this  system, 
the  finest  cut  size  had  about  the  same  relative  breadth  as  the  starting 
powder  even  though  the  absolute  particle-size  distribution  was  different. 
The  next-to-last  cut,  No.  5,  was  only  slightly  narrower.  This  was  the 
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result  of  the  average  particle  size's  decreasing  with  classification  at  the 
same  time  the  overall  distribution  was  being  narrowed.  This  can  be  seen 
rather  well  by  a  consideration  of  the  last  two  cuts:  the  last  cut  had  more 
particles  less  than  0.3  in  diameter  than  did  the  fifth  cut,  and  as  a 
result  had  a  smaller  average  particle  size.  However,  the  cuts  had  similar 
amounts  (by  area)  of  material  far  from  their  averages,  which  contributed 
s: gn4 * icar.tly  to  the  standard  deviations.  Since  this  material  was  further 
from  the  average  for  the  last  cut  as  compared  to  the  fifth  cut,  the 
particle - s ize  distribution  for  the  last  cut  was  broader;  this  assumes  that 
the  material  measured  at  the  largest  sizes  consisted  of  particles  rather 
than  agglomerates.  No  particles  greater  than  1  pm  were  observed  by  SEM, 
but  the  centrifugal  analyzer  measured  many  more  particles  than  can  be 
conveniently  viewed  under  the  microscope. 

Conclusions 

Fine  powders  with  average  particle  sizes  of  0. 1-0.2  m m  and  90%  of  the 
particles  less  than  0.5  /im  were  produced  by  centrifugal  classification. 
Overall,  powder  retention  in  the  system  was  greater  than  90  wt% .  However, 
the  relative  breadth  of  the  particle-size  distributions  for  the  as-received 
and  finest  powders  did  not  vary  significantly.  The  lack  of  narrowing  for 
the  large  -  particle  cuts  was  due  to  the  retention  of  small  particles  in 
these  cuts;  the  lack  of  narrowing  for  the  small -particle  cuts  was  due  to 
small  quantities  of  large  particles  in  the  small-to-average  sized  powders. 
These  results  may  be  attributed  to  inaccurate  geometric  factors, 
agglomeration,  particle  interactions,  powder  build-up  inside  the 
centrifuge,  operator  error,  and/or  improper  dispersion  feed  to  the 
centrifuge.  It  should  be  noted,  though,  that  the  larger  cuts  could  be 
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narrowed  if  they  were  subsequently  classified  further  both  above  and  below 
the  desired  particle  -  size  range. 

Future  Work 

Future  studies  should  include  an  investigation  of  this  study's  sources 
of  error  and  their  relative  significance.  Understanding  these  aspects 
could  allow  better  classification  at  greater  throughputs.  In  particular, 
an  investigation  of  solids  contents  and  dispersion  qualities  for  different 
powders  would  be  very  useful  in  determining  whether  any  narrowing  of  the 
particle-size  distributions  on  a  relative  basis  is  possible  with  one  series 
of  classifications,  or  whether  subsequently  narrowing  cuts  above  and  below  the 
desired  particle-size  range  is  necessary. 

MICROSTRUCTURAL  DEVELOPMENT  OF  /9-SiC 
Introduction 

Parts  (compacts)  made  from  as-received  and  classified  0-SiC  powders 
doped  with  both  0.9  wt%  B^C  and  2  wt%  carbon  from  either  polyphenylene  (a 
polymeric  carbon  source)  or  carbon  black  were  processed  from  OLOA®1200- 
stabilized  suspensions  and  sintered  under  flowing  argon  at  2000°C  and 
2100°C  in  order  to  evaluate  the  powder  suspensions  and  the  effects  of 
powder  classification.  With  regard  to  densif ication,  the  classified-powder 
parts  had  higher  densities  than  did  the  as-received  powder  parts,  and  the 
polyphenylene -doped  parts  had  slightly  higher  densities  than  did  the 
carbon-black-doped  parts.  Details  on  processing  and  sintered  densities 
were  reported  previously  (Bishop,  1987). 

One  reason  for  sintering  the  as-received  and  classified-powder  parts 
was  to  observe  changes  in  grain  size  through  the  sintering  stage.  Also, 
the  issue  of  p-a  phase  transformations  for  different-sized  powders  is 
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critical  to  processing  high-density  /3-SiC.  The  following  discussion 
focuses  on  these  two  issues . 

Experimental  Procedures 

Two  of  the  three  samples  of  each  type  (as-received  Betarundum 
Ultrafine  £-SiC  powder  (Ibiden  Co.  Ltd.,  Ogaki,  Japan)  doped  with  boron 
carbide  (Callery  Chemical  Co.,  Callery,  PA)  and  carbon  black  (Monarch  905; 
Cabot  Corp.,  Billerica,  MA)  (ARCB) ;  as-received  0-SiC  powder  with  boron 
carbide  and  polyphenylene  (Polysciences  Inc.,  Warrington,  PA)  (ARPP) ; 
centrifugally  classified  /3-SiC  powder  doped  with  boron  carbide  and  carbon 
black  (CCCB) ;  centrifugally  classified  £-SiC  powder  doped  with  boron 
carbide  and  polyphenylene  (CCPP))  sintered  at  2000°C  and  one  of  each  type 
sintered  at  2100°C  were  sectioned  axially  through  the  center  and  polished 
using,  in  succession,  9-,  6-,  3-,  1-,  and  0.25-^m  diamond  pastes.  The  9-/im 
paste  was  used  to  lap  the  samples  flat;  the  samples  were  then  polished  for 
-30  min  with  each  successively  finer-grained  paste  and  checked  to  determine 
whether  scratches  from  previous  polishings  had  been  removed. 

The  parts  sintered  at  2000*C  were  etched  using  a  50/50  weight  ratio 
KOH/KNO^  molten  salt  bath  in  a  nickel  crucible  heated  by  a  Meker-type, 
high- temperature  gas  burner.  The  salts  were  heated  to  their  melting 
temperatures,  then  were  allowed  15  minutes  to  reach  the  temperature  of  the 
gas  burner  after  the  melt  had  stopped  bubbling.  The  parts  were  etched  for 
a  total  of  15-30  s  in  5-10-s  intervals,  after  which  the  parts  were  observed 
by  SEM  to  detect  the  presence  of  grain  boundaries. 

The  carbon-black-doped  parts  sintered  at  2100°C  were  etched  using  the 

molten  salt  bath  system  described  above.  Because  the  molten  salt  bath  did 

not  etch  the  2100°C-sintered,  polyphenylene -doped  parts,  these  were  boiled 

in  Murakami's  solution  (1  part  KOH,  1  part  K-Fe(CN).,  10  parts  H„0)  for 
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3-5  h.  Furthermore,  for  the  2000°C  parts,  the  carbon-black-doped  parts 
typically  took  shorter  times  to  etch  than  did  the  polyphenylene -doped 
parts.  One  carbon-black-doped  sample  was  etched  in  the  Murakami's 
solution,  and  the  observed  microstructure  was  found  to  be  practically 
identical  to  that  obtained  with  another  sample  etched  by  the  molten  salt. 

Grain  sizes  were  measured  from  SEM  photomicrographs  of  random  areas 
from  the  interior  of  the  2000°C  samples,  taken  at  a  magnification  of 
lO.OOOx  for  the  as -received  powder  samples  and  8,000x  for  the  classified 
powder  samples.  The  photos  needed  to  be  contrast-enhanced  before  an 
attempt  was  made  to  perform  a  quantitative  image  analysis  on  the  Magiscan  2 
(Joyce  Loebl  Div. ,  Vickers  Ltd.,  Gateshead,  England).  Photos  were 
photocopied  and  enlarged  by  200%.  The  microstructures  of  at  least  four 
different  areas  were  then  traced  onto  tracing  paper  using  a  light  table  for 
illumination.  Each  tracing  was  then  enhanced  by  darkening  the  grain 
boundaries  and  coloring  in  the  pores  and  borders;  this  enhanced  image  was 
then  reduced  to  the  size  of  the  original  photomicrograph,  cut  out,  and 
pasted  on  black  paper.  At  least  445  grains  were  analyzed.  The  two- 
dimensional  grain  sizes  were  measured  by  area  and  their  diameters  deduced 
by  assuming  circles.  These  sizes  were  converted  to  three-dimensional  ones 
using  the  Schwartz-Saltykov  method,  assuming  a  spherical  geometry 
(Underwood,  1970).  Even  though  the  grains  were  not  spherical,  this 
assumption  was  made  because  1)  the  aspect  ratio  for  all  samples  was  not 
large  (-1.6)  and  2)  although  the  geometry  of  the  starting  powders  was  also 
not  spherical,  it  was  assumed  to  be  so  to  determine  the  particle  size  by 
sedimentation/centrifugation.  Geometric  average  sizes  and  standard 
deviations  were  calculated  using  the  following  equations: 
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d  -  n  d  a ' f ' i  (1) 

g  i  1 

a  -  exp  {(Sa.f  (ln(d  )  -  ln(d  ))2]h)  (2) 

O  ^  O 

where  is  the  product  over  "i"  intervals  with  d^  the  average  diameter  of 
interval  i,  and  a.f.^  the  respective  area  fraction.  These  equations  are 
for  area  distributions  of  particles. 

X-ray  powder  diffraction  was  performed  on  both  the  powders  and 
sintered  samples  that  had  been  ground  in  a  titanium  carbide  mortar  and 
pestle.  Ground  samples  were  then  washed  in  8-M  nitric  acid  for  64  h  to 
remove  any  TiC,  then  rinsed  in  distilled  water.  Measurements  were  made  on 
a  Rigaku  RU-300  powder  diffraction  unit  at  50  kV,  200  raA,  and  10°  (20)  per 
minute . 

Results  and  Discussion 

Photomicrographs  representative  of  the  four  types  of  samples  sintered 
at  2000°C  are  shown  in  Figures  12  and  13.  The  grain  size  of  the  as- 
received  powder  compacts  is  much  larger  than  that  of  the  compacts  made  of 
classified  powder  (Table  2).  Also,  few  pores  are  apparent  inside  the 


Table  2.  Particle - s ize  and  grain-size  distributions. 


Material 

d  (^m) 

g,a 

a 

As-received  powder 

0.32 

2.32 

Classified  powder 

0.16 

2.26 

ARCB,  2000“C 

1.57 

1.61 

ARPP ,  2000“C 

1.70 

1.61 

CCCB ,  2000°C 

1.02 

1.52 

CCPP,  2000°C 

1.04 

1.60 

I 
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grains  of  all  the  samples,  indicating  that  pore/grain  boundary  separation 
did  not  occur  to  a  great  extent.  The  microstructures  of  all  the  samples 
appear  to  be  more  porous  than  the  measured  immersion  densities  would 
indicate,  due,  perhaps,  to  polishing  and  etching  damage. 

In  Figure  14,  the  grain  sizes  of  the  compacts  are  plotted  against  their 
relative  densities.  The  solid  and  dashed  lines  are  replotted  data  from 
experiments  using  the  same  type  of  powder  as  the  as-received  powder  in  the 
present  experiments,  with  doping  levels  that  should  make  the  samples 
practically  equivalent  (Li,  1987a).  There  is  very  good  agreement  between 
the  two  sets  of  data  for  the  as-received  powder.  The  densities  reached  by 
the  classified  powder  are  comparable  to  those  obtained  for  as-received 
powder  sintered  at  temperatures  approaching  2100°C,  at  which  there  is 
considerably  greater  grain  growth. 

In  order  to  determine  whether  the  same  diffusion  mechanisms  are 
operable  in  both  the  as-received-  and  classified-powder  samples,  the  grain 
size  divided  by  the  'nitial  particle  size  was  plotted  against  sintered 
density  (Fig.  15).  This  shifts  the  classified-powder  compact  grain-growth 
ratios  up  to  those  of  the  as-received  material.  Consequently,  the 
diffusional  processes  in  both  types  of  samples  are  the  same,  as  was 
anticipated. 

Another  aspect  of  Figure  15  is  that  the  classified  powder  underwent 
relatively  more  grain  growth  than  did  the  as -received  powder.  It  had  been 
hoped  that  classification  would  produce  a  narrower-size-distribution  powder 
than  the  as -received  material,  and  that  this  would  suppress  grain  growth; 
the  relative  distribution  breadth,  however,  did  not  significantly  change  as 
a  result  of  the  classification,  and  consequently  relative  grain  growth 
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could  not  be  suppressed  by  a  significantly  narrowed  particle-size 
distribution.  Another  factor  in  the  comparison  of  relative  grain-growth 
ratios  is  green  density.  It  has  been  shown  that  lower-green-density 
compacts  of  comparable  powders  have  higher  grain- growth  ratios  than  do 
pellets  of  higher  green  density,  when  sintered  to  above  90%  of  theoretical 
(Barringer  and  Bowen,  1983).  It  is  unclear,  though,  what  the  effect  of 
different  particle  sizes  would  be  when  combined  with  differing  green 
densities . 

In  order  to  explain  the  high  density/smaller  grain-size  samples  of  the 
classified-powder  compacts,  the  theory  of  pore/grain-boundary  separation  in 
the  final  stage  of  sintering  was  invoked.  Assuming  that  pore  movement  is 
controlled  by  carbon-lattice  diffusion,  the  grain -boundary  migration  and 
pore-migration  rates  in  the  final  stage  are  equal  when: 

[1/GJDj/Mh  -  0.16[(po1.5kT)/(p(l-p)°-5n)]  (3) 

where  G  -  grain  size;  -  the  carbon  lattice  diffusion  constant;  - 
grain-boundary  mobility;  -  initial  density;  p  -  sintered  density;  Q  - 
atomic  volume;  k  -  Boltzmann  constant;  and  T  -  temperature  (Li,  1987b). 
Assuming  that  the  sintered  samples  are  at  the  threshold  of  pore/boundary 
separation,  the  value  of  is  about  1.5  x  10^  dyne-s/cm.  Based  on 

this,  the  separation  region  is  plotted  against  the  grain  size/density  data 
in  Figure  16.  It  can  be  seen  that  for  smaller  grain  sizes,  higher 
densities  can  be  achieved  before  pore/grain-boundary  separation  occurs. 

This  is  one  of  the  major  advantages  of  classified  SiC  powder. 

The  size  distributions  of  particles  and  grains  (2000°C-sintered 
compacts)  for  the  as-received  and  classified  systems,  respectively,  are 
plotted  in  Figures  17  and  18.  The  effect  of  grain  growth  is  quite  obvious. 
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Also,  the  distribution  of  the  particles  is  much  broader  than  that  of  the 
grains,  with  the  largest  particles  seemingly  undergoing  little  grain  growth 
compared  to  the  smaller  ones.  Geometric  standard  deviations,  along  with 
the  averages  of  the  particle/grain- size  distributions,  are  shown  in  Table 
2. 

Caution  should  be  exercised  in  considering  these  distributions. 
Possible  sources  of  error  include  failure  to  find  the  largest  grains  in  the 
sintered  material;  polishing  and  etching  damage,  causing  fewer  small 
particles  to  be  detected;  inaccurate  determinations  of  the  largest  particle 
sizes  by  the  centrifugal  particle-size  analyzer;  and  the  validity  of 
comparing  particle/grain-size  distributions  from  centrifugal  sedimentation 
of  particles  to  three-dimensional  gra^n  size  as  determined  from  a 
microscopic  examination  of  two-dimensional  particle  sections. 

Literature  comparing  starting-powder  particle-size  distributions  and 

final-stage  grain-size  distributions  is  sparse.  Oel  (1969),  in  his 

research  of  grain-growth  laws  via  grain-growth  rates  in  the  final  stage  of 

sintering  at  steady  state,  plotted  particle-size  distributions  as 

determined  from  SEMs  against  three-dimensional  grain-size  distributions  as 

determined  from  SEMs  of  polished  sections.  Calculation  of  size 

distributions  for  MgO  particles  and  the  resultant  grains  after  sintering  at 

1800°C  for  20  min  were  very  similar  (a  .  .  -  1.66;  a  .  - 

J  g,  particles  g,  grains 

1.56)  . 

Data  from  Ikegami  et  al.  (1978)  on  BaCl^-doped  MgO  sintered  to  80%  of 
theoretical  from  a  green  density  of  52%  indicated  no  change  in 
particle/grain-size  distribution  breadth  over  this  density  range;  their 
data  was  derived  from  fracture  surfaces  and  was  not  converted  to  three- 
dimensional  data. 
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The  only  theory  chat  predicts  a  narrowing  of  grain- size  distribution 
in  solid-state  sintering  was  proposed  by  Tomandl  (1980).  Assuming  a 
spherical  geometry  for  grains  in  the  final  stage  of  sintering,  calculations 
were  made  for  materials  with  and  without  impurities.  Without  impurities  at 
the  grain  boundaries,  a  steady-state  distribution  of  grain  sizes  not  very 
different  in  breadth  from  the  initial  grain-size  distribution  (not  the 
particle-size  distribution)  was  reached.  These  results  are  almost 
identical  to  those  obtained  by  Kaysser  et  al.  (1982),  who  calculated  the 
theoretical  steady-state  distribution  due  to  Ostwald  ripening  for  the 
liquid-phase  sintering  of  metal  alloys.  This  is  understandable,  in  that 
Tomandl 's  equations  for  the  reduction  of  free  energy  are  based  on  those  for 
Ostwald  ripening. 

Tomandl' s  examination  of  the  effects  of  impurities  that  do  not  diffuse 
well  along  grain  boundaries  (e.g.,  carbon  on  the  grain  boundaries  of 
SiC)  and  that  as  a  result  slow  not  only  the  migration  of  grain  boundaries 
but  also  grain  growth,  indicated  chat  the  grain-size  distribution  does  not 
approach  a  steady  state,  but  narrows  over  time.  Theory  also  predicts  a 
slowing  in  the  grain  growth,  which  is  also  one  effect  of  carbon  doping  in 
SiC.  Consequently,  it  may  not  be  unreasonable  for  the  grain-size 
distribution  to  narrow. 

In  the  liquid-phase  sintering  of  metal  alloys,  initial  particle-size 
distributions  have  been  reported  to  narrow  (Riegger,  Pask,  and  Exner, 

1980).  In  this  case,  small  grains  become  soluble  in  the  liquid  phase  due 
to  curvature  effects,  and  plate  out  on  larger  grains.  With  the  removal  of 
small  grains  from  the  system,  the  distribution  narrows.  It  is  unlikely 
that  any  appreciable  liquid  phase  appears  during  the  sintering  of  0-SiC 
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doped  with  boron  and  carbon;  consequently,  any  liquid-phase  mechanisms 
would  not  be  applicable. 

However,  elimination  of  small  particles  may  be  possible  through  grain 
growth  in  porous  compacts.  As  reported  by  Greskovich  and  Lay  (1972), 
particle  -  size  differences  can  cause  particles  to  coalesce  after  neck 
formation  and  dihedral  angle  equilibration  but  before  significant 
densif ication.  The  driving  force  for  this  grain  growth  is  the  curvature  of 
a  grain  boundary  between  particles  of  differing  size  because  of  dihedral- 
angle  equilibration  (Fig.  19).  Since  silicon  and  carbon  grain-boundary 
diffusion  in  SiC  is  relatively  fast  compared  to  lattice  diffusion,  grain 
boundaries  can  be  mobile  even  before  densif ication  occurs.  Therefore, 
small  particles  could  be  eliminated,  narrowing  the  grain-size  distribution. 
However,  because  of  possible  error  in  the  size  distributions  of  particles 
and  grains,  and  the  lack  of  any  supporting  experimental  evidence,  no 
definitive  statement  can  be  made  on  the  change  of  breadth  in  a  particle - 
size  distribution  as  particles  change  to  grains  and  move  into  the  final 
stage  of  sintering. 

Another  critical  aspect  of  microstructure  development  in  boron-  and 
carbon-doped  /?-SiC  is  the  f)-a  phase  transformation,  which  typically  occurs 
in  the  1900-2100°C  range,  depending  on  impurities  (Jepps  and  Page,  1981).  In 
structural  ceramics,  significant  amounts  of  transformed  material  in  the 
shape  of  plates  (needles  on  a  planar  surface)  are  detrimental  to  mechanical 
properties  (Johnson  and  Prochazka,  1977).  As  a  result,  densif ication, 
grain  growth,  and  the  0-a  phase  transformation  are  competing  processes  in 
the  sintering  of  £-SiC.  In  order  to  densify  the  material,  coarsening  needs 
to  be  suppressed  and  lattice  diffusion  enhanced.  However,  suppressing 
coarsening  also  enhances  the  transformation  kinetics,  and  promoting  lattice 
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diffusion  enhances  grain  growth.  Unless  the  material  is  hot-pressed  in 
some  manner  by  which  the  driving  force  for  densif ication  is  enhanced,  the 
driving  force  for  grain  growth  not  affected,  and  the  driving  force  for 
phase  transformation  possibly  reversed  (Jepps  and  Page,  1981),  sintering 
/)-SiC  doped  with  boron  and  carbon  involves  a  compromise. 

In  this  study,  phase  transformations  in  the  classified-  and  as- 
received-powder  compacts  differed.  At  2000°C,  transformation  was  observed 
by  SEM  in  only  the  sintered  classified-powder  compacts  (Fig.  20).  By  XRD, 
the  changes  observed  were  an  increase  in  the  intensity  of  a  shoulder  on  the 
higher  28  side  of  the  100%  £-SiC  peak  and  an  increase  in  intensity  relative 
to  the  100%  £-SiC  peak  for  peaks  at  -60*  and  -72“  29  (Figs.  21  and  22). 

The  X-ray  diffraction  pattern  for  the  classified  powder  was  obtained  from 
powder  taken  from  the  fifth  classification  cut  and  not  that  of  the  sixth, 
which  was  used  in  processing:  because  practically  all  the  0.15-0.20-^m 
size-classified  powder  was  used  for  processing  and  particle-size 
distribution  determinations,  the  next  smaller  powder  was  used  for  X-ray 
diffraction  pattern  comparison. 

An  interesting  feature  of  the  platelets  found  in  the  microstructure  of 
the  classified-powder  compacts  is  shown  in  Figure  20:  because  of  a  growth 
mechanism  based  on  interfacial  energies  such  that  the  a-SiC  platelets  grow 
within  a  £-SiC  envelope,  the  alpha  platelets  are  bonded  directly  to  the 
beta  matrix  (Heuer  et  al.,  1978).  Consequently,  the  platelets  would 
not  impart  any  toughening  to  the  compacts  because  of  the  strong  interfacial 
bonding. 

Sintering  at  2100*C  results  in  even  more  substantial  transformation, 
as  is  evident  from  the  optical  photomicrographs  of  Figures  23  and  24,  in 
which  the  microstructures  are  dominated  by  large  a-SiC  plates  and  needles. 
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The  characteristic  feather  pattern  (Johnson  and  Prochazka,  1977)  is 
especially  clear  in  Figures  23  and  24.  Also,  the  sizes  of  the  plates  and 
needles  are,  in  general,  smaller  for  the  classified-powder  compacts  than 
for  the  as  -  received-powder  compacts.  The  XRD  pattern  of  a  compact  sintered 
at  2100*C  is  much  more  complex  than  that  of  a  compact  sintered  at  2000°C 
(Fig.  25) .  The  phases  detected  were  (using  Ramsdell  notation,  in  which  a 
letter  stands  for  the  type  of  crystal  structure  (i.e.,  C  for  cubic,  R  for 
rhombohedral ,  H  for  hexagonal)  and  a  numeral  indicates  the  number  of 
stacking  layers  in  the  unit  cell)  3C,  15R,  and  6H;  no  4H  phase  was 
detected.  The  3C  phase  is  typically  known  as  "beta"  silicon  carbide;  all 
other  hexagonal  and  rhombohedral  polytypes  are  generically  termed  "alpha" - 
phase  silicon  carbide. 

In  a  previous  study  of  compacts  sintered  at  2000°C,  the  phase 
composition  of  boron-  and  carbon-doped  f)-SiC  similar  to  the  material  used 
in  the  present  experiments  was  reported  to  be  -90  vol%  3C  and  10  vol% 
total  of  the  15R,  6H,  and  4H  phases  (Williams  et  al . ,  1984).  For 
Betarundum  Ultrafine  £-SiC  under  the  conditions  used  in  the  present  study, 
the  major  phase  was  3C;  a  small  amount  of  the  alpha  phase,  probably  15R, 
was  also  present.  The  alpha  phase  was  difficult  to  identify  because  of  the 
small  amount  of  the  phase  and  the  alpha  peak  overlap  with  the  beta  phase 
peak.  Even  though  the  X-ray  patterns  for  both  the  as-received-  and 
classified-powder  parts  showed  small  phase  changes  during  sintering,  only 
the  microstructures  of  the  classified-powder  compacts  showed  the 
traditional  long-needle  grains. 

The  a-SiC  needles  (platelets  in  three  dimensions)  grow  more  readily  in 
a  matrix  of  smaller  grains  (Bocker,  Landfermann,  and  Hausner,  1981),  by 
exposing  their  low-energy  basal  plane  to  a  coherent  crystallographic  plane 
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of  £-SiC  (Heuer  ec  al . ,  1978).  The  edges  of  the  plates  then  grow 
into  a  fine  matrix.  As  with  typical  exaggerated  grain  growth,  the  driving 
force  for  platelet  growth  is  not  the  size  of  the  exaggerated  grain  (or 
plate,  in  this  case)  but  that  of  the  matrix.  Consequently,  the  finer 
matrix  obtained  with  the  classified-powder  compacts  is  more  conducive  to 
exaggerated  grain  growth  through  the  /3-a  transformation  than  is  the  coarser 
matrix  of  the  as-received  powder  compacts. 

In  a  previous  study  of  compacts  sintered  at  2100oC,  the  phase 
composition  of  boron-  and  carbon-doped  /9-SiC  similar  to  the  material  used 
here  was  reported  to  be  60  vol%  3C,  15  vol%  15R,  and  25  vol%  50/50  volume 
ratio  of  6H  and  4H  (Williams  et  al.,  1984).  For  the  material  in  the 
present  study,  qualitative  analysis  of  the  as-received  powder  compacts 
revealed  that  15R  was  the  dominant  phase  and  6H  a  minor  phase.  Cubic  /3-SiC 
was  also  a  minor  constituent,  judging  from  the  XRD  pattern  and  the  fact 
that  the  microstructures  contained  few  small  equiaxed  grains.  For  the 
classified-powder  pellets,  XRD  showed  more  of  the  6H  phase  than  was 
apparent  in  the  as-received  powder  samples,  though  the  15R  phase  was  still 
a  large  constituent.  Again,  the  amount  of  cubic  phase  was  difficult  to 
distinguish,  though  it  must  have  been  small,  judging  from  the  small  amount 
of  matrix  material  left. 

This  phase  analysis  is  in  qualitative  agreement  with  a  previous, 
quantitative,  analysis  made  of  a  similar  material  (Williams  et  al., 

1984).  Two  major  differences  between  the  analyses  are  that  1)  the  cubic 
phase  did  not  seem  to  be  retained  as  long  in  the  sintered  parts  of  the 
present  study  as  was  reported  in  the  literature,  and  2)  the  trend  observed 
in  both  studies,  of  the  15R  phase  initially  predominating,  then  being 
overtaken  by  the  6H  phase,  was  controlled  in  the  literature  by  changing  the 
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temperature,  while  in  the  present  study  this  trend  was  observed  by  changing 
the  powder.  Assuming  the  transformation  to  the  6H  phase  to  have  proceeded 
as  far  as  it  could  go,  the  classified  powder  transformed  more  than  did  the 
as-received;  this  may  have  been  due  to  the  higher  energy  of  the  classified 
material,  since  both  the  as-received  £-SiC  powder  and  the  transformed 
matrices  are  finer  in  structure  than  the  as-received  material. 

The  finer  structures  exhibited  by  the  classified-powder  samples 
sintered  at  2100°C  compared  to  those  of  the  as-received-powder  samples 
must  have  resulted  from  a  greater  number  of  nuclei  per  unit  volume  from 
which  the  fi-a  transformation  could  proceed.  A  greater  number  of  growing 
plates  would  result  in  less  beta  material  to  be  transformed  per  plate,  and 
therefore  a  finer  structure.  However,  the  XRD  patterns  of  the  as-received 
and  classified  powders  do  not  indicate  a  greater  alpha  content  for  the 
finer  powder.  This  does  not  necessarily  mean  that  there  were  not  more 
stacking  faults  in  the  classified  powder  than  in  the  as-received  powder 
that  could  nucleate  the  transformation;  it  may  be  possible  that,  due  to  a 
lack  of  long-range  order  and/or  a  concentration  below  that  detectable  by 
XRD,  these  structures  were  not  revealed. 

Conclusions 

The  grain  sizes  of  classified-powder  compacts  were  smaller  than  those 
of  as-received-powder  compacts.  When  normalized  to  the  initial  particle 
size,  the  grain-growth  ratio  of  both  classified-  and  as-received-powder 
parts  lie  on  the  same  curve  of  grain  size/particle  size  versus  sintered 
density,  indicating  no  change  in  diffusion  mechanism  is  produced  by  the 
difference  in  particle-size  distribution.  Also,  the  classified  particle- 
size  distribution  provided  no  advantage  with  respect  to  relative  grain 
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growth  because  the  particle-size  distribution  breadth  was  equivalent  to 
that  of  the  as-received  powder. 

The  grain-size  distribution  breadth  narrowed  when  particles  were 
sintered  to  the  final  stage,  perhaps  because  grain  growth  in  the  porous 
compacts  eliminated  the  smallest  particles,  narrowing  the  grain-size 
distribution.  However,  no  other  supportive  experimental  evidence  exists, 
and  because  there  were  many  possible  sources  of  error  in  the  present 
particle  -  size/grain- size  distribution  determinations,  no  conclusive 
statements  can  be  made . 

Alpha-SiC  in  boron-  and  carbon-doped  0-SiC  becomes  more  prominent  as 
the  sintering  temperature  is  increased.  Only  a  small  increase  in  the  alpha 
phase  occurred  at  a  sintering  temperature  of  2 000°C  in  this  study;  a 
significant  increase  took  place  at  2100°C.  Microstructurally ,  alpha 
platelets  20-60  /*ra  in  length  that  were  bonded  directly  to  the  matrix  grew 
at  2000°C  in  the  finer  beta  matrix  of  the  classified-powder  compacts.  At 
2100°C,  all  microstructures  showed  excessive  transformation,  with  plates 
and  needles  on  the  order  of  100  pm  in  size;  the  classif ied-powder  compacts 
had  finer  structures.  The  classified-powder  compacts'  smaller  grain  size 
when  sintered  to  2100°C  may  explain  these  compacts'  greater  transformation 
to  the  6H  phase,  whereas  the  as- received  material  had  less  of  the  6H  phase 
and  more  of  the  15R  phase. 

Future  Work 

The  largest  particles  of  both  as-received  and  classified  powders  will 
be  examined  by  S EM  to  determine  whether  the  centrifugally  measured  particle 
sizes  were  correct  or  if  the  largest  "particles"  were  actually  agglomerates 
of  particles. 
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0L0A  1  200  Concentration  (v;t?6) 

Figure  1.  Relative  acoustic  mobility  as  a  function  of  OLOA  concentration 
for  two  different  step-times. 


Volume  Fraction  Solids 

Figure  2.  Relative  viscosity  versus  volume  -  fraction  solids  for  the 
OLCA/SiC/dodecane  system. 
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Figure  7. 


a)  Particle-size  distribution  of  Cut  2  (0.8-1. 2  nm) 

b)  accompanying  photomicrograph. 
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Figure  13.  2000°C-sintered  microstructures  of  a)  as-received  B- SiC 
compacts  and  b)  size-classified  /3- SiC  powder  compacts  doped  with  B^C  and 
polyphenylene. 
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Percent  of  Theoretical  Density 


Figure  14.  Grain  size  versus  sintered  density  for  the  as-received  and 
classified-powder  compacts  (2000°C)  from  this  experiment  and  the  0.5  wt% 
boron-,  2  wt%  carbon-doped  and  1.0  wt%  boron-,  2  wt%  carbon-doped 
Betarundum  Ultrafine  £-SiC  compacts  of  Li  (1987a). 
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Percent  of  Theoretical  Density 

Figure  15.  Grain-size  ratio  (GS/PS)  versus  sintered  density  for  the  as- 
received  and  classified-powder  compacts  (2000°C)  from  this  experiment  and 
the  0.5  wt%  boron-,  2  wt%  carbon-doped  and  1.0  wt%  boron-,  2  wt%  carbon- 
doped  Betarundum  Ultrafine  /3-SiC  compacts  of  Li  (1987a). 
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Percent  of  Theoretical  Density 


Figure  16.  Grain  size  versus  2000°C-sintered  density  for  as-received  and 
classified-powder  compacts,  with  separation  threshold  calculated  from  the 
data. 
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Figure  17.  Particle-size  distribution  for  as-received  powder  and  grain-size 
distributions  for  as-received  compacts  doped  with  B  C  and  either  carbon 
black  or  polyphenylene  sintered  at  2000°C. 
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Particle  Size  (^m) 


Figure  18.  Particle-size  distribution  for  classified  powder  and  grain-size 
distributions  for  classified-powder  compacts  doped  with  B^C  and  either 
carbon  black  or  polyphenylene  sintered  at  2000*C. 


(E) 

Figure  19.  Schemata  of  grain  growth  in  porous  compacts  due  to  grain-boundary 
curvature  induced  by  dihedrai-angle  equilibration:  a)  Particles  of  slightly 
different  size  in  contact,  b)  neck  growth  between  contacting  particles,  c) 
grain  boundary  migrating  away  from  contact  plane,  and  d)  grain  growth;  e) 
grain  growth  in  a  cluster  of  particles  by  surface  di Tension  (Greskovich  and 
Lay,  1972). 
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Figure  20.  2000°C-sintered  microstructure  of  a  classified-powder  compact 
showing  a)  20-60-^m  alpha  platelets  in  the  beta  matrix  and  b)  bonding  of  a 
platelet  to  the  matrix  by  means  of  the  beta  envelope. 
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SINTERING  SIC  POWDER  USING  ORGANOSILICON  POLYMERS  AS  BINDERS 


Mark  Spotz 


ABSTRACT 

Compacts  containing  £-SiC  powder,  B^C,  OLOA®1200  dispersant, 
polyphenylene,  and  either  PMMA,  polycarbosilane  (Nicalon™) ,  or  a  vinylic 
polysilane  (Union  Carbide  Y-12044)  were  uniaxially  pressed,  pyrolyzed,  and 
sintered  at  2000-2100  C/30  min.  Green  pellets  were  subjected  to  a  range  of 
pressures  sc  that  sintering  could  be  studied  as  a  function  of  packing 
density.  The  organosilicon  pyrolysis  products  did  not  enhance 
densification  rates  as  expected.  Pyrolyzed  compacts  containing  Nicalon™ 
pyrolysis  products  contained  higher  oxygen  levels  (-1-3  wt%)  than  did 
pyrolyzed  PMMA  compacts,  even  though  handling  in  air  had  been  minimized. 
This  fact  may  be  partly  responsible  for  inferior  densification  in  some 
samples;  when  this  extra  oxygen  was  counterbalanced  by  additional  free 
carbon,  however,  densification  was  quite  similar  for  the  Nicalon1*  and  PMMA 
systems.  For  the  Nicalon"1  and  Y- 12044  batches,  pyrolytic  residues  provided 
up  to  9  wt%  of  the  total  SiC.  With  corresponding  initial  polymer  contents 
of  up  to  -21  wt%  of  powder,  the  batches  displayed  varying  compaction 
behavior,  with  the  Nicalon"1  system  providing  the  best  intergranular 
bonding.  In  related  experiments,  a  variety  of  wetting  behaviors  was 
observed  for  these  polymers  on  pure  powder  compacts  during  the  initial 
stages  of  pyrolysis  (up  to  400  C) .  These  observations  indicate  that 
satisfactory  wetting  probably  occurred  for  the  SiC/Nicalon^/OLOA®  mixture 
during  initial  softening  and  pyrolysis. 


INTRODUCTION 

One  reason  for  incorporating  organosilicon  polymers  into  the 
processing  of  SiC  and  Si^N^  powders  has  been  that  these  polymers  pyrolyze 
to  leave  residues  containing  SiC  and/or  Si^N^,  and  thus  can  increase  the 
ceramic  density  of  the  pre-sintered  compact.  Increased  densification  rates 
should  then  result  during  sintering.  This  goal,  as  well  as  the  associated 
diminution  of  volatile  decomposition  products,  has  guided  prior  work  using 
these  polymers  as  binders  (Yajima,  Shishido,  and  Okamura,  1977;  Wiseman, 
1984;  Schwartz  and  Rowcliffe,  1986;  Mutsuddy,  1987).  One  objective  of  the 
research  is  to  determine  whether  sintering  is  enhanced.  This  report 
presents  results  of  an  experiment  in  which  SiC  powder  was  dry-pressed, 
pyrolyzed,  and  sintered  using  either  conventional  or  organosilicon  binders. 
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In  related  experiments,  wetting  behavior  was  observed  for  various  organic 
and  organosilicon  materials  placed  on  unfired  SiC  powder  compacts. 

EXPERIMENTAL  PROCEDURE 

The  primary  experiment  was  designed  to  examine  SiC  sintering 
densif ication  as  a  function  of  powder  packing,  using  either  conventional  or 
organosilicon  binders.  A  procedure  of  mixing  all  constituents  in 
suspension,  extracting  the  solvent,  granulating,  and  dry-pressing  was 
selected  both  to  facilitate  control  over  unfired  compositions  and  to 
conveniently  provide  a  range  of  packing  densities  with  which  to  test 
sintering  performance.  The  following  materials  were  used: 


•  Betarundum  Ultra-Fine  £-SiC  (Ibiden  Co.,  Ltd.,  Ogaki ,  Japan); 
specific  surface:  18.3  m  /g;  Lot  #0127. 

•  High-purity,  submicrometer  B,C  (Callery  Chemical  Division,  MSA 
Corp.,  Pittsburgh,  PA);  specific  surface:  72  ni  /g;  Lot  #1890-75-3. 

•  Nicalon"'  uncured  polycarbosilane  (Dow  Corning  Corp.,  Midland, 

MI);  Lot  #PL-79 . 

•  Y-12044  vinylic  polysilane  (Union  Carbide  Corp. ,  Specialty 
Chemicals  Div. ,  Sistersville ,  WV) ;  Lot  #50911030586. 

•  Poly(methyl  methacrylate)  #18,224-9  (Aldrich  Chemical  Co., 
Milwaukee,  WI);  Lot  #18/0285KL. 

•  Polyphenylene  #7022  (Polysciences,  Inc.,  Warrington,  PA); 

Lot  #51351;  also  HA-43  resin  (Hercules,  Inc.  Research  Center, 
Wilmington,  DE) . 

•  OL0A®1200  succinimide  dispersant  (Chevron  Chemical  Co., 

Oronite  Additives  Div.,  San  Francisco,  CA) ;  Lot  #86ARS-007. 


Two  series  of  samples  were  prepared.  For  the  first,  one  batch  each 
was  prepared  of  SiC  powder  and  one  of  the  following  binders:  PMMA, 
polycarbosilane  (Nicalon*) ,  and  vinylic  polysilane  (Y-12044).  The  quantity 
of  Nicalon*  or  Y-12044  added  was  -21  wt%  of  SiC  powder,  to  provide  -9  wt% 
of  the  total  SiC  after  sintering.  The  mixtures  also  contained  B^C  powder 
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(1  wt%  of  total  SIC  after  sintering),  as-received  OLOA®1200  succinimide 
dispersant  (consisting  of  49  wt%  succinimide,  51  wt%  mineral  oil; 
succinimide  content  was  4.5  wt%  of  SiC  powder  plus  18  wt%  of  B^C  to 
disperse  the  respective  powders) ,  and  polyphenylene  to  adjust  excess  carbon 
to  2  wt%  of  the  total  SiC  after  sintering. 

A  second  series  was  prepared  to  examine  the  effect  of  a  lower  polymer 
content,  representing  conditions  under  which  the  polymer  pyrolysis  product 
might  act  more  efficiently  at  low  concentrations,  rather  than  as  a  major 
batch  constituent  contributing  to  SiC  packing  density.  For  this  series, 
one  batch  was  prepared  with  PMMA  (6.2  wt%  of  SiC  powder)  at  2  wt%  (with 
respect  to  total  SiC  after  sintering)  targeted  excess  carbon;  three  batches 
were  prepared  with  Nicalon*1  (5.8  wt%  of  SiC  powder)  at  different  carbon 
levels  (0,  2,  and  4  wt%  targeted  excess  carbon;  polyphenylene  carbon 
source).  This  series  also  contained  B^C  powder  (1  wt%  of  total  SiC  after 
sintering)  and  refined  OLOA®1200  (90+5  wt%  succinimide;  succinimide  content 
was  3.5  wt%  of  SiC  powder  plus  18  wt%  of  B^C) ;  the  OLOA®1200  was  refined  by 
the  differential  separation  technique  (Bishop,  1985). 

Each  batch  was  prepared  according  to  the  following  procedure.  First, 
the  dispersant  and  polymers  were  dissolved  in  reagent-grade  toluene.  SiC 
and  B^C  powders  were  added  and  the  resulting  mixture  was  stirred  12  h.  The 
batch  was  then  ultrasonicated  at  low  power  for  2-5  min,  and  subsequently 
magnetically  stirred  while  the  toluene  was  extracted  by  vacuum 
distillation.  The  nearly  dried  mixture  was  removed  from  its  flask,  broken 
into  chunks,  and  dried  at  70°C  for  16  h  in  a  vacuum;  the  polysilane  batch 
was  afterwards  cured  under  gettered  argon  at  200°C  for  2  h  to  solidify  the 
liquid  Y- 12044.  The  batch  was  then  ground  with  a  mortar  and  pestle  Jnto 
granules  and  subsequently  stored. 
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The  first  series  was  prepared  in  air;  the  second  series  was  handled 
under  nitrogen  throughout  preparation  except  when  the  powders  (pre-dried  at 
180°C  for  3.5  h  in  vacuum)  were  added,  the  samples  pressed,  and  the  pellet 
dimensions  measured  (-8  h  total).  In  some  cases  the  pressed  pellets  were 
stored  overnight  in  a  dessicator  before  being  loaded  into  the  pyrolysis 
furnace . 

Each  batch  provided  material  for  about  15  pellets.  Pellets  were  dry- 
pressed  in  either  a  12.7-mm  die  (first  series)  or  a  19. 0-ram  die  (second 
series)  at  pressures  ranging  from  18  to  280  MPa  (2500-41,000  psi).  The 
corresponding  SiC  powder  packing  densities  for  the  pressed  compacts  ranged 
from  35  to  50%  of  the  theoretical  density  (T.D.).  The  samples  were 
pyrolyzed  under  gettered  argon  to  1000°C,  then  sintered  at  2000°C  or  2100°C 
for  30  min  in  a  carbon- tube  furnace  purged  with  gettered  argon. 

The  SiC  packing  density  and  theoretical  constituent  volume  fractions 
were  calculated  for  each  pellet  from  the  compact's  starting  imposition, 
weight,  and  dimensions  as  measured  after  pressing,  pyrolysis,  and 
sintering,  by  a  method  similar  to  that  used  by  Schwartz,  Rowcliffe,  and 
Blum  (1988).  Two  separate  SiC  packing  parameters  were  calculated:  the 
relative  density  after  pyrolysis  contributed  by  the  powder  alone,  and  that 
contributed  by  both  the  powder  and  the  binder  residue.  An  example  of  these 
calculations  for  a  Nicalon"*  batch  is  given  in  Table  1. 

Densities  of  sintered  pellets  were  determined  using  volumes  obtained 
both  by  directly  measuring  the  pellets'  dimensions  and  by  applying 
Archimedes'  method.  For  the  latter  method,  the  pellets  were  sprayed  with  an 
acrylic  coating  to  prevent  intrusion  before  being  submersed  in  water.  The 
volumes  as  measured  by  dimension  and  by  submersion  agreed  to  within  2%. 
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Table  1.  Calculation  of  constituent  volume  fractions  for  a  sample 
containing  SiC  powder,  B^C  powder,  polyphenylene  (PP) , 
dispersant  (OLOA®1200) ,  and  Nicalon'"  polycarbosilane . 


BEFORE 

PYROLYSIS 

Mass 

Frxn 

Density 
(gcin  ) 

Mass 

(8) 

Vol . 
(cm3) 

Vol. 

Fraction 

SiC 

0.7539 

3.21 

0.4131 

0.1287 

0.4673 

B.C 

0.0083 

2.4 

0.0045 

0.0019 

0.0069 

p£ 

0.0045 

1.1 

0.0025 

0.0022 

0.0080 

OLOA 

0.0721 

0.91 

0.0395 

0.0434 

0.1576 

Nicalon 

0.1612 

1.12 

0.0883 

0.0789 

0.2865 

.  . 

.  - 

-  - 

0.0203 

0.0737 

Total 

1.0000 

-  . 

0.5480 

0.2754 

1 . 0000 

AFTER 

PYROLYSIS 

Pyro. 

Yield 

p-3 

(gem  ) 

Mass 

(8) 

Vol. 

(cm3) 

Vol. 

Fraction 

SIC 

1.0 

3.21 

0.4131 

0.1287 

0.5138 

B/C 

1.0 

2.4 

0.0045 

0.0019 

0.0076 

PP  res. 

0.80 

1.95 

0.0020 

0.0010 

0.0040 

Extra  mass 

-  - 

1.95 

0.0180 

0.0092 

0.0367 

Nic.  res. 

0.60 

2.2 

0.0530 

0.0241 

0.0962 

Porosity 

-  - 

.  - 

-  - 

0.0856 

0.3417 

Total 

0.4906 

0.2505 

1 . 0000 

Unaccounted  additional  mass,  arbitrarily  assigned  as  carbon. 


Chemical  analyses  were  performed  on  compacts  pyrolyzed  to  1000°C. 

Prior  to  analysis,  the  pellets  were  ground  into  powder  with  a  porcelain 
mortar  and  pestle;  aluminum  analyses  were  iSlrefore  obtained  to  determine 
contamination  from  the  porcelain.  Silicon,  boron,  and  aluminum  were 
analyzed  by  inductively  coupled  plasma  (ICP)  techniques  (Model  5500, 
Perkin-Elmer  ICP,  performed  at  Galbraith,  Inc.,  Knoxville,  TN) ,  Carbon  was 
measured  by  an  inorganic  oxidation  technique  (Model  CR-12,  Leco  Corp., 
performed  at  Galbraith,  Inc.).  Hydrogen  was  analyzed  by  an  organic 
oxidation  technique  (Model  800  CHN  Analyzer,  Leco  Corp.,  performed  at 
Galbraith,  Inc.).  Oxygen  was  analyzed  by  fast-neutron  activation  (IRT 
Corp.,  San  Diego,  CA) . 
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The  undistinguished  sintering  behavior  of  the  compacts  containing 
organosilicon  polymers  raised  the  question  of  whether  the  additives  had  not 
wet  the  powder,  thereby  potentially  affecting  the  distribution  of  additives 
in  the  compacts  during  the  early,  fluid  stages  of  pyrolysis.  This 
hypothesis  was  tested,  at  least  for  the  initial  stages  of  pyrolysis,  by 
observing  the  apparent  wetting  of  the  various  constituents  placed  on 
compacts  of  pure  £-SiC  powder  (Betarundum  Ultra-Fine)  that  had  been  pressed 
at  70  MPa  (10,000  psi) .  The  following  materials  were  tested:  purified 
OLOA®1200  (chunk),  Y-12044  (droplet),  PMMA  (powder),  Nicalon1"  (solid 
chunk),  Nicalon'w  mixed  with  as-received  OLOA®1200  (porous  chunk),  and  two 
organic  liquids  --  oleic  acid  and  mineral  oil  (both  from  Borden  and 
Remington,  Everett,  MA) .  The  purified  OLOA®1200,  refined  using  the 
differential-separation  procedure  (Bishop,  1985),  contained  -10+5  wt% 
residual  mineral  oil.  Each  test  material  was  placed  on  top  of  a  compact 
under  ambient  conditions,  then  heated  in  a  tube  furnace  under  gettered 
argon  to  various  temperatures.  The  softening/wetting  behavior  was  observed 
by  raising  the  furnace  shell  for  periods  brief  enough  to  prevent  excessive 
temperature  swings. 

RESULTS 

Wetting  and  Penetration 

The  range  of  wetting  and  penetration  behaviors  for  the  various 
materials  placed  on  SiC  powder  compacts  was  quite  interesting;  the 
results  are  summarized  in  Table  2.  The  oleic  acid  and  mineral  oil  upon 
application  quickly  spread  and  were  fully  absorbed  into  the  compacts  under 
the  forces  of  capillary  action  and/or  gravity.  The  Y-12044  droplet  upon 
application  slowly  formed  an  apparent  contact  angle  8  of  70-85°;  under 
argon,  the  Y-12044  drop  remained  unchanged  at  60°C  but  was  fully  absorbed 
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Table  2.  Apparent  contact  angles  of  designated  additives  against  0-SiC 
powder  compacts. 


Additive 

Temp 

<°c> 

Contact 

Angle  6  (°) 

Penetration 

Oleic  acid 

25 

-  0 

complete 

Mineral  oil 

25 

-  0 

complete 

Y12044 

25-60 

70-85 

negligible 

90 

-  0 

complete 

OLOA® 

100 

>  90 

none 

125 

-  45 

- 

180 

<  30 

- 

210 

-  0 

complete 

Nicalon 

200 

-  - 

(softened) 

265 

-135 

(non-wetting) 

390 

-135 

none 

Nicalon“/OLOA 

210 

-  35 

negligible 

into  the  compact  at  90°C.  The  purified  OLOA®1200  softened  to  form  a  non¬ 
wetting  sessile  drop  by  100°C,  spread  to  form  an  apparent  wetting  angle  of 
9  -  45°  at  125°C,  formed  a  shallow  puddle  below  180°C,  and  was  completely 
absorbed  at  210°C.  Wetting  characteristics  of  the  PMMA  sample  could  not  be 
evaluated  because  its  evolving  shape  was  apparently  determined  by  its 
initial  configuration  (a  small  pile  of  loose  powder  sitting  on  the 
compact),  bubble  formation,  and  the  sample's  high  viscosity. 

The  pure  Nicalon'vl  polymer  behaved  in  a  different  manner  from  the 
mixture  of  Nicalon"'  and  as -received  0LOA®1200  (mixed  in  the  same 
proportions  as  for  the  sintering  experiment).  The  pure  Nicalon™  was 
effectively  non-wetting.  The  chunks  began  to  appear  smoother  from  200  to 
220°C,  then  formed  non-wetting,  sessile  drops  below  260°C,  and  maintained 
an  apparent  contact  angle  of  125-140°  throughout  the  range  320-390°C.  The 
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Nicalon'V'OLOA®  sample  softened  and  spread  to  form  a  shallow  puddle  below 
210°C.  The  contact  angle  was  finite  and  roughly  30-40°.  Inspection  of  the 
contact  interface  after  heating  to  260°C  revealed  essentially  no 
penetration. 

Compaction  and  Pyrolysis  Behavior 

The  compaction  characteristics  of  the  various  SiC/binder  batches 
differed,  as  evidenced  by  the  compaction  densities  shown  in  Figure  1,  for  a 
21  wt%  initial  polymer  content.  The  Nicalon™  system  exhibited  the  highest 
packing  densities,  the  PMMA  system  the  lowest.  The  compaction  of  all  three 
batches  exhibited  linear  behavior  when  plotted  against  log(MPa) ,  but  the 
Nicalon*  batch  compaction  appeared  to  plateau  above  100  MPa. 

During  pyrolysis,  the  binder  systems  displayed  different  amounts  of 
compact  shrinkage.  The  volume  shrinkages  are  shown  in  Figure  2  for  pellets 
with  a  21  wt%  initial  polymer  content  as  a  function  of  compaction  pressure 
during  dry-pressing.  The  Nicalon™  system  displayed  the  greatest  shrinkage; 
it  is  not  clear  whether  this  was  due  to  capillary  action  or  to  some  other 
effect.  Although  the  regression  slopes  for  Nicalon™  and  PMMA  are  slightly 
negative,  the  shrinkages  for  the  three  binder  systems  are  essentially 
independent  of  compaction  pressure  in  the  pressure  range  used  in  this 
experiment. 

.’racture  surfaces  of  the  compacts  with  a  21  wt%  initial  polymer 
content  were  inspected  by  scanning  electron  microscopy  both  after  pyrolysis 
and  after  sintering.  Figure  3  shows  a  series  of  photomicrographs  of 
pyrolyzed  specimens  at  low  magnification.  Samples  3a,  3c,  and  3e  were 
pressed  uniaxially  at  70  MPa;  Samples  3b,  3d,  and  3f  were  subjected  to 
various  pressures  in  order  to  yield  fairly  constant  mean  powder  packing 
densities  of  45+1%  T.D.  after  pyrolysis. 
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The  fractures  clearly  showed  features  arising  from  the  original 
pressed  granules.  For  all  three  binder  systems  in  the  first  series,  the 
granules  apparently  resisted  deformation;  this  was  attributed  partially  to 
the  high  initial  binder  level  (-21  wt%) .  However,  under  higher  pressures, 
the  granule  structures  for  PMMA  and  Nicalon*  deformed  and  bonded  together 
to  yield  smoother  fracture  surfaces.  For  PMMA,  a  pressure  of  280  MPa 
(40,000  psi)  was  required  to  significantly  destroy  the  original  granule 
character  (Fig.  3d).  The  Nicalon"1  binder  system,  however,  showed  superior 
deformation  of  and  bonding  between  granules  at  70  MPa  (10,000  psi)  (Fig. 
3c).  Granule  deformation  and  bonding  for  the  Y- 12044  batch  were  extremely 
limited  --  probably  a  result  of  the  polymer's  rigidity  after  curing,  which 
had  been  done  before  pressing  to  eliminate  tackiness. 

Sintering 

The  relative  densities  of  the  sintered  SiC  compacts  initially 
containing  21  wt%  polymer  were  plotted  against  1)  SiC  relative  density 
contributed  by  the  powder  alone  (Fig.  4a),  and  2)  SiC  relative  density 
contributed  by  the  powder  and  the  organosilicon  binder  residue  (Fig.  4b). 
The  results  followed  a  general  trend  of  increasing  sintered  density  with 
increasing  pyrolyzed  packing  density,  as  had  been  expected  from  the 
demonstrated  effects  of  packing  density  on  sintering  kinetics  (Barringer 
and  Bowen,  1988).  When  plotted  against  pyrolyzed  density  for  powder  alone, 
the  behavior  observed  for  both  organosilicon  binders  did  not  significantly 
differ  from  that  observed  for  PMMA.  However,  when  plotted  against 
pyrolyzed  density  for  all  sources  of  SiC,  the  Nicalon"1  and  Y- 12044  curves 
shifted  to  the  right  and,  effectively,  below  the  PMMA  curve,  if  it  were 
extrapolated  to  higher  pyrolyzed  densities. 
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Sintering  results  for  samples  with  -6  wt%  initial  polymer  content  for 
treatments  of  2000°C/30  min  and  2100°C/30  min  are  shown  in  Figures  5a  and 
5b,  respectively.  Two  results  are  clear:  1)  densif ication  of  the  Nicalon"* 
compacts  was  sensitive  to  carbon  concentration,  and  2)  at  the  same  targeted 
carbon  concentration,  Nicalon"*  compacts  sintered  less  efficiently  than  PMMA 
compacts,  but  with  extra  added  polyphenylene  (4%  excess  batched  carbon), 
they  achieved  equivalent  performance. 

Chemical  analyses  showed  that  oxygen  content  was  higher  by  -1-3  wt%  in 

pyrolyzed  Nicalon"*  compacts  as  compared  to  pyrolyzed  PMMA  compacts.  The 

elemental  analyses  are  given  in  Table  3,  and  the  calculated  equivalent 

phase  compositions  are  shown  in  Table  4.  These  results  indicate  that 

Nicalon"1  compacts  incorporated  oxygen  during  processing.  With  a  6  wt% 

initial  Nicalon"1  content,  the  oxygen  impurity  exceeded  the  level  expected 

(based  on  oxygen  in  the  starting  materials)  by  -1.6  wt% ;  with  a  21  wt% 

initial  Nicalon"*  content,  the  oxygen  surplus  was  -3.5  wt% .  Tests  have  not 

yet  shown  whether  the  polycarbosilane  coating  the  SiC  particles  reacted 

with  oxygen  and/or  water  prior  to  pyrolysis,  or  reacted  with  entrained 

°2^2°  <*ur*,nS  pyrolysis.  Measurements  of  oxygen  partial  pressure  (P^)  in 

the  exhaust  stream  have  shown  the  pyrolysis  furnace  to  be  capable  of 

-9  -14 

achieving  extremely  low  oxygen  levels  (10  to  10  atm  C^). 

The  extra  oxygen  present  in  the  pyrolyzed  Nicalon"*  compacts,  assumed 
to  be  in  the  form  of  SiO^,  appears  to  be  the  reason  that  additional  carbon 
was  necessary  to  achieve  sintered  densities  equivalent  to  those  of  PMMA 
compacts  (Fig.  5).  The  data  in  Figure  4  are  also  presumably  affected.  It 
would  appear  desirable  to  re-examine  the  condition  of  high  initial  polymer 
content  while  minimizing  exposure  to  oxygen. 
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Table  3.  Elemental  analysis  of  1000°C  pyrolyzed  compacts;  specified 

polymer's  content:  21  wt%  or  6  wt%;  polyphenylene  adjusted  to 
give  targeted  free  carbon  content  as  noted  (elements  except 
oxygen  analyzed  by  Galbraith,  Inc.;  oxygen  content  analyzed  by 
fast-neutron  activation,  IRT  Corp.). 


Element 

Nic*/21  vt% 
C  /  2  vt% 

Nic*/6  vt% 

C  /0  wt% 

Nic  /6  wt% 
C  /2  vt% 

PMMA/6  vt% 

C  /2  vt% 

Silicon 

65.31 

66.60 

65.46 

67.65 

Carbon 

27.13 

28.63 

29.47 

30.10 

Hydrogen 

0.72 

0.19 

0.29 

0.16 

Oxygen 

4.60 

2.38 

2.69 

1.62 

Boron 

0.56 

0.62 

0.55 

0.53 

Aluminum 

0.16 

0.22 

0.13 

.... 

98.48 

98.64 

98.59 

.... 

*Nicalon"1 

Table  4. 

Equivalent  ceramic  phases  in  pyrolyzed  compacts,  calculated 
from  analyses  in  Table  3;  totals  normalized  to  100  wt% . 

Phase 

Nic*/21  vt% 
C  /  2  wt% 

Nic*/6  wt% 

C  /0  wt% 

Nic*/6  vt% 
C  /2  wt% 

PMMA/6  vt% 

C  /2  wt% 

SiC 

89.00 

93.64 

91.53 

94.52 

Free  carbon 

0.73 

0.80 

2.32 

1.57 

Free  silicon 

0.00 

0.00 

0.00 

0.00 

Si02 

8.50 

4.15 

4.90 

2.74 

?  C 

4 

0.73 

0.80 

0.71 

0.68 

Hydrogen 

0.73 

0.19 

0.29 

0.16 

ai2o3 

-0.31 

_JL22 

—2^12 

100.00 

100.00 

100  00 

100.00 

Nicalon1'1 
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Fracture  surfaces  for  pyrolyzed  and  pyrolyzed/sintered  samples 
initially  containing  21  wt%  polymer  are  shown  in  the  series  of 
photomicrographs  in  Figure  6.  The  regions  shown  were  located  within  well- 
packed  granules.  Samples  6a  and  6b  were  separate  pellets  from  the  PMMA 
batch;  Samples  6c  and  6d  were  from  the  Y- 12044  batch;  Samples  6e  and  6f 
were  from  the  Nicalon™  batch.  The  pyrolyzed  microstructures  within 
densely  packed  granules  indicated  uniform  mixing  of  powder  and  polymeric 
constituents  and  appeared  quite  similar  to  the  pyrolyzed  powder/binder 
microstructures  reported  by  others  (Wiseman,  1984;  Schwartz,  Rowcliffe,  and 
Blum,  1987). 

The  sintered  microstructures  shown  in  Figure  6  clearly  exhibit 
structures  typically  associated  with  intermediate -stage  densif ication  of 
boron/carbon- doped  ,8-SiC:  equiaxed,  cubic-phase  grains,  intergranular 
porosity,  and  some  cases  of  accelerated  grain  growth  (e.g.,  elongated 
grains  in  6f) .  The  size  of  the  SiC  grains,  coupled  with  the  apparent  lack 
of  intergranular  material,  suggests  that  the  organosilicon  pyrolysis 
products  were  incorporated  into  the  grains. 

CONCLUSIONS  AND  FUTURE  WORK 

The  wetting  behavior  observed  for  the  Nicalon™/0L0A®  mixture,  as 
opposed  to  pure  Nicalon"*,  on  SiC  powder  compacts  indicates  that  wetting  can 
be  affected  considerably  by  the  specific  mixture  of  additives  used  in  a 
batch  composition.  These  results  also  suggest  that  satisfactory  wetting 
for  the  SiC/Nicalon™/0L0A®  batch  mixture  probably  occurred  during  the 
initial  stages  of  pyrolysis.  The  relatively  large  amount  of  pyrolysis 
shrinkage  observed  in  the  pellets  containing  Nicalon™  is  consistent  with 
this  tentative  conclusion. 
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Of  the  binders  utilized,  the  Nicalon^/OLOA®  system  produced  the 
highest  packing  densities  during  pressing  and  the  greatest  degree  of 
granule  deformation  and  bonding  for  a  given  applied  pressure.  Y- 12044  gave 
the  worst  compaction  results,  apparently  due  to  its  rigidity  in  the  cured 
state.  However,  at  lower  binder  levels  and  without  curing,  we  might  expect 
its  compaction  behavior  to  improve  significantly. 

Pyrolyzed  compacts  of  the  ~6  and  -21  wt%  Nicalon"*  batches  contained 
higher  concentrations  of  oxygen  than  those  predicted  based  on  oxygen 
concentrations  in  the  starting  materials.  This  can  be  explained  by 
assuming  that  the  extra  oxygen  is  associated  with  the  polycarbosilane ' s 
sensitivity  to  oxidation  and/or  hydrolysis.  Further  studies  are  needed  to 
determine  whether  Nicalon"*  reacts  more  readily  with  oxygen  or  water,  and 
whether  these  reactions  advance  significantly  during  short  exposures  or 
during  the  subsequent  reaction  in  the  pyrolysis  furnace.  The  planned 
studies  include  thermal  gravimetric  analysis  (TGA)  of  polymer  samples  under 
controlled  atmospheres,  e.g.,  gettered  argon,  water-saturated  argon,  or  dry 
air.  The  question  of  possible  reactions  between  Nicalon"*  and  the  oxidized 
SiC  powder  surface  will  be  explored  using  TGA  and  Fourier- transform 
infrared  spectroscopy  (FTIR) . 

SiC  powder  compacts  containing  the  pyrolysis  products  of  Nicalon"1 
sintered  as  efficiently  as  compacts  not  containing  these  pyrolysis 
products,  as  long  as  sufficient  carbon  was  present  to  reduce  the  additional 
S102  formed  from  inadvertent  contamination  of  the  polycarbosilane  during 
processing.  The  tentative  conclusion  is,  however,  that  incorporating  an 
organosilicon  binder  does  not  enhance  the  sintering  kinetics  of  commercial 
£-SiC  powder.  Future  sintering  studies  will  re-examine  the  conditions  of 
high  initial  polymer  content  while  taking  care  to  prevent  oxygen  incorporation. 
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In  related  experiments,  the  feasibility  of  incorporating  either 
Nicalon™  or  Y- 12044  during  colloidal  pressing  was  demonstrated.  This 
procedure  is  desirable  since  colloidal  processing  can  result  in  denser, 
more  uniformly  packed  green  bodies  than  are  possible  with  dry-pressing. 
These  efforts  will  be  continued  to  obtain  comparative  sintering  data. 
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Figure  1.  As-pressed  SIC  powder  packing  density  (21  wt%  batches)  vs. 
uniaxial  compaction  pressure. 


Uniaxial  compaction  pressure  (MPa) 


Figure  2.  Volume  shrinkage  during  pyrolysis  (21  wt%  batches)  vs.  uniaxial 
compaction  pressure. 
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35  40  45  50  55  50 

SIC  powder  pocking  after  1000C  pyroiysis  (%T.D.) 


(a) 


Totci  SiC  relative  density  (SS7.D.)  including  pcwcer  end 
binder  residue,  pyrciyted  to  1GCQC 


(b) 

Figure  4.  Sintered  relative  densities  after  2000°C/30  min  vs.  pyrolyzed 
(pre-sintered)  SiC  packing  densities  calculated  using  a)  just  the  SiC 
powder;  b)  both  powder  and  binder  pyrolysis  product.  Samples'  initial 
polymer  content  was  21  wt%  (powder  basis) . 
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40  45  50  55 

SiC  powder  packing  after  1000C  pyrolysis  (&T.D.) 

(a) 


SiC  powder  packing  after  1Q00C  pyrolysis  (XT.D.) 

<b> 


Figure  5.  Sintered  relative  densities  vs.  pyrolyzed  (pre-sintered)  SiC 

PtC^nnn0^nitieS  falculaSed  usin§  Just  the  powder  for  samples  sintered  at 
a)  2000  C/30  min;  b)  2100  C/30  min.  Compacts  contained  fi-SiC,  B  C 

OLOA" 1200 ,  polyphenylene,  and  either  Nicalon'  or  PUMA  at  -6  wt%  tpowder 
basis) .  Carbon  level  was  adjusted  with  polvphenvlene . 
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